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THE  THEORETICAL  BASIS  FOR  PHOTOLUMINESCENCE, 
ELECTROLUMINESCENCE  AND  PHOTOELECTROLUMINESCENCE 

Ford  E.  WilUams 

General  Electric  Research  Laboratory 
Schenectady,  New  York 


,  The  luminescent  emission  of  phosphors  is  determined  by  impurities 
known  as  activators.  The  activator  plus  neighboring  atoms  involved  in 
the  lattice  rearrangements  accompanying  photoluminescent  excitation 
and  emission  constitute  the  activator  system.  The  characteristics  of 
activator  systems  in  simple  ionic  phosphors  are  now  understood  in 
considerable  detail.  In  KC1:T1  the  excitation  and  emission  spectra  are 
adequately  accounted  for  by  the  interaction  energies  of  Tl'*'  with  the 
KCl  lattice  calculated  from  Hartree  free  ion  wave  functions  for  the 
ground  and  excited  states.^  The  transition  probabilities  are  in  accord 
with  free  ion  spectra.  In  KCliMn,  however,  since  transitions  between 
states  of  the  same  electron  configuration  are  responsible  for  excitation 
and  emission,  Hartree-Fock  wave  functions  are  necessary,  the  angular 
dependence  of  the  excited  state  acquires  unexpected  significance,  and 
interaction  with  the  lattice  markedly  affects  the  transition  probabilities. 
In  covalent  phosphors  such  as  ZnS:Cu,  the  energy  levels  responsible 
for  photoluminescent  excitation  and  emission  are  recognized  as  per¬ 
turbed  bond  orbitals  of  the  unactivated  crystals.  The  spectra,  however, 
are  still  determined  by  the  properties  of  the  localized  activator  system.* 

Electroluminescence— the  conversion  in  a  solid  of  an  applied  elec¬ 
trical  potential  into  luminescent  emission— is  feasible  theoretically  in 
suitable  phosphors  by  three  general  mechanisms.  1)  Direct  field  ion¬ 
ization  of  the  activator  system  is  feasible  with  local  fields  of  the  order 
of  lo'^  v/cm.  In  thin  films  of  dielectrics  with  large  band  gaps  and  with 
activator  systems  near  the  conduction  band,  this  mechanism  is  expected 
but  has  not  yet  been  reported  experimentally.  2)  Fields  of  10^  v/cm 
are  adequate  to  accelerate  charge  carriers  to  kinetic  energies  suffi¬ 
cient  for  excitation  or  ionization  of  the  activator  system  by  inelastic 
collisions.  In  electroluminescent  ZnS:Cu  crystals,  conduction  electrons 
are  formed  by  field  ionization  of  deep  donors  in  an  exhaustion  layer 
resulting  from  ionization  of  shallow  donors.*  3)  Injected  minority  car¬ 
riers  in  a  semiconducting  phosphor  can  be  captured  by  the  activator 
system.  The  ionized  activator  emits  radiation  following  capture  of  the 
majority  charge  carrier.  There  is  no  threshold  field  for  the  carrier 
injection  mechanism  of  electroluminescence.  The  electroluminescence 
of  SiC  is  believed  to  occur  by  this  mechanism.*  In  addition,  direct 


optical  recombination  of  injected  carriers  in  Ge  and  Si  to  yield  infra¬ 
red  emission  is  well  known.” 

Photoelectroluminescence  is  the  conversion  initiated  by  radiation 
of  an  applied  electrical  potential  into  luminescent  emission.  This 
phenomenon  was  predicted  from  theoretical  studies  on  the  impact 
excitation  mechanism  of  electroluminescence.  In  this  case,  charge 
carriers  are  not  formed  by  field  ionization  of  deep  donors  but  rather 
are  created  by  an  internal  photoelectric  effect.  Either  the  incident 
radiation  creates  electron-positive  hole  pairs  by  absorption  in  the 
fundamental  band  or  the  incident  radiation  is  absorbed  in  an  impurity 
system  which  is  subsequently  ionized.  The  charge  carriers  are  then 
accelerated  and  inelastic  collisions  occur  with  the  activator  systems 
to  yield  -luminescent  emission  dependent  on  the  intensity  of  the  incident 
radiation.  If  the  field  is  sufficient  for  more  than  one  impact  ionization 
to  occur  per  incident  photon,  either  by  sequential  ionizations  by  the 
same  charge  carrier  or  by  small  avalanche  formation,  light  amplifi¬ 
cation  results.  This  {Aenomenon  has  been  observed  experimentally  by 
Cusano*  in  vapor -deposited  ZnSrMn  films. 
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INFLUENCE  OF  ELECTMC  FIELDS  ON 
ULTRAVIOLET-EXCITED  PHOSPHORS 

Frank  Matossi  and  Sol  Nudelman 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Maryland 


If  a  ZnS-phosphor  (electroluminescent  or  non-electroluminescent) 
is  first  excited  by  ultraviolet  and  then,  while  ultraviolet  excitation  con¬ 
tinues,  is  subjected  to  a  periodic  electric  field,  sudden  intensity  in¬ 
creases  (stimulations)  are  observed  at  the  instants  of  field  application 
or  removal.  During  the  field  application,  a  quenching  is  obtained  that 
is  strong  in  the  beginning  but  attains  a  much  smaller  steady  value  after 
some  time. 

The  stimulation  at  “field  on”  generally  decreases  with  increasing 
frequency  up  to  about  20  kcps.  At  higher  frequencies,  it  either  re¬ 
mains  constant  or  increases  slightly.  The  stimulation  at  “field  off* 
generally  increases  with  frequency.  For  some  phosphors,  the  quench¬ 
ing  behaves  irregularly  at  the  low  frequencies.  The  amplitude  of  the 
periodic  rl(^le  superimposed  on  the  quenching  reaches  a  maximum  at 
several  hundred  cps.  The  quantitative  details  vary  appreciably  from 
phosphor  to  phosphor. 

For  a  few  phosphors,  the  brightness  waves  of  electroluminescence 
change  their  aspect  if  ultraviolet  excitation  is  superimposed.  Some 
lose  the  “C  peaks”  (secondary  peaks  occurring  whenever  the  field  be¬ 
gins  to  decrease).  These  peaks  appear  again  after  removal  of  ultra- 
,  violet  radiation,  but  only  after  times  in  the  order  of  minutes.  The 
ratio  of  the  C  peak  intensity  to  that  of  the  main  peaks  (“B  peaks”  in 
phase  with  the  field)  depends  on  frequency,  the  C  peaks  becoming  more 
prominent  at  about  1000  cps.  In  other  phosphors,  the  amplitudes  of 
the  brightness  waves  in  the  two  half-periods  of  the  field  become  un¬ 
equal  with  ultraviolet  imposed. 

The  peaks  of  the  ripple  pattern  during  the  quenching  of  an  electro¬ 
luminescent  phosphor  with  weak  sinusoidal  fields  lag  behind  the  field. 

If  the  field  is  increased,  a  new  peak  begins  to  a{^ar  at  a  certain  criti¬ 
cal  field  that  is  identical  with  the  field  necessary  to  <ibtain  electro¬ 
luminescence.  These  peaks  grow  further  with  increasing  field  strength, 
finally  becoming  the  B  peaks  of  electroluminescence.  They  precede  the 
field.  The  phase  shift  from  the  ripple  pattern  to  the  brightness  waves 
is,  therefore,  not  the  gradual  shifting  of  one  peak,  but  the  result  of  dif¬ 
ferent  relative  intensities  of  two  independent  peaks  which  demonstrates 
that  quenching  and  electroluminescence  effects  have  different  origins. 

A  similar  transition  is  observed  with  square  wave  fields.  This  can  be 
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understood  on  the  basis  of  the  Influence  of  polarization  effects  on  the 
phase  of  the  brightness  waves  while  the  quenching  ripple  pattern  is 
principally  determined  by  a  change  in  the  number  of  electrons  in  the 
conduction  band  and  not  by  the  internal  field. 

Also,  some  of  the  other  observations  reported  farther  above  can  be 
understood  as  the  consequence  of  polarization  effects  if  the  particle 
balance  between  valence  band  and  conduction  band  is  considered.  The 
treatment  is  analogous  to  that  of  Jaffe  (Phys.  Rev.  354,  1952)  and 
McDonald  (Phys.  Rev.  4,  1953)  and  takes  into  account  steady  and 
periodic  excitation,  recombination,  motion  of  electrons  in  a  field  obey¬ 
ing  Poisson’s  equation,  and  diffusion  of  space  charges. 
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DIELECTRIC  BEHAVIOR  OF  ELECTROLUMINESCENT 
ZINC  SULFIDE 

Willi  Lehmann 

Westinghouse  Electric  Corporation 
Bloomfield,  New  Jersey 


A  sinusoidal  electric  field  was  applied  to  several  powdered  electro¬ 
luminescent  zinc  sulfides  activated  with  copper.  The  phosphors  were 
embedded  in  castor  oil  between  two  plane  electrodes,  one  of  which  was 
transparent,  with  an  electrode  distance  of  50  to  60  microns.  The  ap¬ 
plied  voltage  could  be  varied  between  zero  and  600  volts  r.m.s.  and 
the  frequency  between  20  cycles  and  several  tens  of  kilocycles  per 
second.  Measurements  were  made  of  the  dependency  upon  frequency 
f  and  voltage  V  of 

a.  the  electroluminescent  brightness  L  of  the  phosphor. 

b.  the  capacitance  C  of  the  cell  with  and  without  phosphor. 

c.  the  phase  angle  <t>  of  the  cell  with  and  without  phosphor. 

Under  the  assumption  of  a  special  geometrical  arrangement  of  the 
phosphor  particles  in  the  castor  oil  of  the  cell  it  is  possible  to  deter¬ 
mine  from  these  measurements  the  electrical  properties  of  the  phos¬ 
phor  itself.  These  may  be  represented  by  the  complex  dielectric  con- 

V 

stant  k  =  k*  -I-  ik"  with  i  =  (-1)^.  Both  the  real  part  k*  and  the  imagin¬ 
ary  part  k  ”  of  the  dielectric  constant  of  the  phosphc  rs  are  practically 
constant  for  applied  voltages  below  the  level  of  measurable  electro¬ 
luminescence.  With  higher  voltage  both  parts  increase,  slowly  for  low 
and  more  rapidly  for  high  voltages.  The  amount  of  increase  is  greatest 
for  the  lowest  frequency  (Figure  1). 

The  imaginary  part  k"  of  the  dielectric  constant  of  the  phosphor  is 
connected  with  the  conductivity  of  the  phosphor  which  can  be  expressed 
in  the  usual  way  by  the  concentrations  and  the  mobilities  of  electrons 
and  holes.  On  the  other  hand,  the  electroluminescent  brightness  L  can 
be  assumed  to  be  proportional  to  the  number  of  free  electrons  and  the 
number  of  ionized  activator  centers.  By  assuming  that  the  influence  of 
the  frequency  f  on  the  relation  between  the  number  of  holes,  Up,  in  the 
valence  band  and  the  number  of  ionized  activators  A'*'  is 

np  oc  f  .  A+  (1) 

a  relation  can  be  obtained  between  the  electroluminescent  brightness 
L,  the  frequency  f,  the  average  a.c.  mobility  //  and  the  imaginary 
dielectric  constant  kg"  for  very  low  and  k"  for  higher  voltages 
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L/f  =  C(k"  -  kp"  )Va*  (2) 


with  C  as  a  constant  of  proportionality. 

Equation  (2)  is  checked  graphically  by  plotting  versus  (k”  -  kQ  ). 
As  can  be  seen  in  Figure  2,  the  fit  is  good  for  not  too  high  values  of 
L/f  (i.e.  for  not  too  high  afqplied  voltages).  In  this  region  of  low  and 
moderate  voltage  the  mobility  fi  is  found  to  be  constant  and  therefore 
L/f  is  proportional  to  (k"  -  1^")*.  However,  a  strong  deviation  from 
the  straight  line  in  Figure  2  is  observed  for  high  values  of  L/f.  This 
deviation  can  be  explained  with  equation  (2)  by  a  variation  of  the  mobil¬ 
ity  //  with  high  field  strength.  In  Figure  3,  an  example,  the  variation 
of  the  mobility  //  with  the  a.c.  field  strength  is  shown.  The  mobility  fi 
is  constant  up  to  a  field  strength  of  about  30  kV/cm  and  increases 
rapidly  for  higher  field  strengths.  It  cannot  be  determined  by  these 
e:.periments  whether  this  increase  in  mobility  is  due  to  the  free 
electronic,  or  to  the  holes,  or  to  both. 

The  behavior  of  the  real  part  of  the  dielectric  constant,  k* ,  as  a 
function  of  L/f  is  about  the  same  as  that  of  the  imaginary  part,  as  can 
be  seen  in  Figure  4,  but  a  theoretical  explanation  for  this  behavior  of  k* 
has  not  yet  been  obtained. 
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ELECTROLUMINESCENCE  IN  ZnS  SINGLE  CRYSTALS 
D.  R.  Frankl 

Sylvanla  Electric  Products  Inc. 

Physics  Laboratories 
Bayside,  L.  L,  N,  Y. 


At  the  1954  Symposium,  Watson  et  aP  described  the  electrolumi¬ 
nescent  emission  from  single  crystals  of  zinc  sulfide  subjected  to  half¬ 
wave  rectified  60  cycle  sinusoidal  voltage.  The  emission  intensity  has 
peaks  at  the  voltage  maximum  (denoted  90  degrees  phase  angle  in  the 
cycle)  and  near  the  point  where  the  voltage  falls  to  zero  (usually  about 
150  degrees  phase  angle)  and  decays  in  the  second  half  cycle  while  the 
voltage  remains  zero.  The  150-degree  peak  is  the  larger  at  low  voltage 
amplitudes,  but  the  90-degree  peak  grows  the  more  rapidly  with  increas¬ 
ing  voltage  amplitude. 

The  present  paper  describes  extensions  of  this  work.  Particular 
emphasis  has  been  placed  on  making  the  measurements  quantitative. 

For  this  purpose,  the  absolute  spectral  sensitivity  of  a  photomultiplier 
was  determined  by  comparison  with  a  calibrated  thermopile  under 
monochromatic  illumination.  This  photomultiplier  was  then  used  in 
conjunction  with  a  series  of  narrow  band  interference  filters  to  meas¬ 
ure  the  emission  intensity  in  each  of  a  number  of  small  'slices”  of  the 
spectrum.  In  this  way,  both  the  spectral  distribution  and  the  absolute 
intensity  of  the  emission  are  obtained. 

Among  the  crystals  studied  to  date,  only  those  which  showed  blue 
fluorescence  are  appreciably  electroluminescent.  The  latter  emission 
also  appears  blue  to  the  eye,  but  actually  contains  appreciable  amounts 
of  green  and  yellow.  Spectral  results  on  a  typical  crystal  are  shown  in 
Figure  1 .  It  is  particularly  to  be  noted  that  the  spectral  distribution  is 
about  the  same  for  both  peaks  and  is  roughly  independent  of  voltage 
amplitude. 

All  crystals  observed  to  date  have  suffered  a  progressive  deterior¬ 
ation  in  brightness,  usually  rapid  at  first  and  sometimes  much  slower 
later  on.  Annealing  in  a  bed  of  pure  ZnS  powder  has  restored  some  of 
the  crystals,  but  has  failed  to  restore  others.  The  cause  of  deterior¬ 
ation  is  not  known.  The  measurements  reported  here  were  made  on 
crystals  which  had  been  *aged”  beyond  the  initial  rapid  deterioration. 

The  current  through  the  crystals  was  measured  by  displaying  on  an 
oscilloscope  the  voltage  drop  across  a  small  resistor  in  series  with  the 
crystal.  After  subtracting  out  the  displacement  current  in  the  crystal 
and  its  holder,  the  conduction  current  is  found  to  be  a  nearly  exponential 
function  of  voltage.  Thus,  in  the  half-wave  cycle,  the  current  wave 
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consists  of  a  fairly  narrow  peak  at  90  degrees.  In  particular,  there  is 
no  reverse  current  at  any  time  in  the  cycle,  showing  that  no  space - 
charge  polarization  occurs. 

Figure  2  shows  typical  quantitative  results.  We  plot  as  function  of 
the  voltage  amplitude  the  intensities  of  the  two  emission  peaks  and  the 
average  intensity  over  the  whole  cycle  (solid  curves,  left  scale)  and  the 
current  amplitude  (broken  curve,  right  scale).  The  90 -degree  peak 
intensity  ard  the  current  increase  at  about  the  same  rate  with  voltage 
amplitude.  In  other  words,  the  ratio  of  idiotons  emitted  at  the  90- 
degree  phase  to  electrons  traversing  the  crystal  is  roughly  independent 
of  the  voltage. 

Similar  measurements  have  been  carried  out  at  temperatures  down 
to  77®K  (liquid  nitrogen).  From  room  temperature  to  about  -80°C,  the 
same  two  major  emission  peaks  occur,  but  at  lower  temperatures  the 
peak  structure  changes  in  a  complex  manner.  In  the  higher  temper¬ 
ature  range,  the  i^oton :  electron  ratio  in  the  90-degree  peak  is  nearly 
independent  of  temperature.  That  is,  the  90-degree  peak  and  the  cur¬ 
rent  decrease  at  the  same  rate  with  decreasing  temperature.  The  150- 
degree  peak,  on  the  other  hand,  decreases  more  rapidly. 

References 

1.  W.  R.  Watson,  J.  J.  Dropkin,  and  A.  T.  Halpin,  Enlarged  Abstracts 
of  the  Electrochemical  Society  Spring  Meeting  (May,  1954),  p.  42. 


Abstract  Number  33 


THE  EFFECT  OF  ELECTRON  TRAPS  ON 
E  LECTRO  LUMINESCENCE 

P.  D.  Johnson,  W.  W.  Piper,  and  F.E. Williams 
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In  electroluminescent  zinc  sulfide  phosphors,  filled  electron  traps 
or  donors  serve  as  the  sources  of  conduction  electrons  which  ace  ac¬ 
celerated  in  regions  of  high  electric  field  to  velocities  sufficient  for 
impact  excitation  of  activators.*  Comparison  of  the  temperature  de¬ 
pendence  of  electroluminescent  brightness  and  thermoluminescence 
suggests  that  either  these  traps  or  those  in  the  bulk  of  the  crystal  may 
have  an  adverse  effect  on  electroluminescent  brightness. 

Thermoluminescence  and  temperature  dependence  of  electrolumi¬ 
nescent  brightness  of  powder  samples  of  ZnS:Cu,Al  suspended  in  Incite 
and  on  ZnS:Cu  single  crystals  grown  by  sublimation*  were  determined. 
Measurements  were  made  on  aj^ratus,  used  earlier  for  thermolumi¬ 
nescence  of  powder  phosphors*  and  conductivity  of  single  crystals,* 
modified  for  the  present  work. 

The  glow  curve  of  a  typical  powder  suspension  in  Incite  using  excita¬ 
tion  by  3650  R  ultraviolet  (G.  E.  BH4  lamp)  is  shown  in  Figure  1.  With 
electroluminescent  excitation  at  400  v  and  1000  cps  the  glow  curves 
were  the  same  as  with  ultraviolet  except  uiat  the  intensities  were 
lower  by  factors  ranging  from  100  to  1000.  Only  a  single  glow  peak  at 
150°K  is  detected  in  the  single  crystals  and  this  only  with  3650  A 
excitation. 

In  Figure  2  is  shown  the  electroluminescent  and  photoluminescent 
brightness  of  the  same  powder  cell  as  a  function  of  temperature  at 
several  different  frequencies  of  excitation.  Variations  of  electrolumi¬ 
nescent  brightness  with  temperature  are  peculiar  to  electroluminescent 
excitation  rather  than  to  the  activator  system  itself.  The  fact  that  sim¬ 
ilar  behavior  is  observed  in  single  crystals,  as  shown  in  Figure  3, 
indicates  that  the  variations  in  brightness  are  not  due  to  characteristics 
of  the  dielectric.  This  view  is  further  substantiated  by  measurements 
of  dielectric  t  istant  and  loss  of  phosfdior  suspensions  and  of  pure 
lucite  as  a  function  of  temperature. 

It  will  be  notkl  that  the  minimiun  in  electroluminescent  brightness 
occurs  at  a  few  degrees  above  the  temperature  of  the  principal  glow 
peak  and  that  the  structure  in  the  temperature  dependence  of  brightness 
shifts  to  higher  temperatures  with  higher  frequency  of  excitation. 
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Fig.  1  Thermoluminescence  of  ZiiS:Cu,Al  powder  phosphor. 

Changing  the  voltage  of  excitation  only  shifts  the  characteristic  temper 
ature -brightness  curve  in  brightness,  not  in  temperature. 

In  this  and  in  other  investigations’  powder  suspensions  have  been 
found  in  which  the  brightness  drops  off  as  temperature  is  decreased 
and  does  not  again  rise  at  the  lowest  temperature  measured,  in  con¬ 
trast  to  the  behavior  of  the  samples  reported  here. 

Both  of  these  types  of  behavior  in  addition  to  the  shift  of  the  charac¬ 
teristic  brightness -temperature  curve  to  higher  temperature  with 
higher  excitation  frequency  are  in  accord  with  the  same  mechanism. 
Excitation  of  activators  occurs  in  the  region  of  high  field  on  the  side  of 
the  crystal  near  that  electrode  which  is  becoming  negative.  At  room 
temperature  or  above,  because  of  thermal  ionization  or  lack  of  signifi¬ 
cant  trapping,  electrons  from  excited  activators  become  ionized  and 
are  free  to  move  about  the  crystal.  In  the  absence  of  trapping,  these 
electrons  may  return  to  the  ionized  activators  on  the  reverse  half¬ 
cycle  of  excitation  and  recombine.  At  lower  temperatures  where  trap¬ 
ping  occurs,  the  electrons  are  not  entirely  free  to  move  either  a  very 
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Fig.  2  Temperature  dependence  of  electroluminescent 

_  brightness  (solid  line)  and  photoluminescent  bright¬ 
ness  (dashed  line,  different  scale)  of  ZnS:Cu,Al 
powder  {rtiosphor  in  Incite 


200 

TEMPERATURE  *K 


Fig.  3  Temperature  dependence  of  electroluminescent 
brightness  of  a  ZnSrCu  single  crystsil. 

great  distance  from  ttie  activator  or  to  return  from  whatever  distance 
they  have  gone. 

In  general,  the  rates  of  removal  from  and  return  to  the  region  of 
excited  activators  are  determined  by  activated  processes  of  rate 

/kT  -  ^  /kT 

kj  =  s^e  *  and  k,  =  s,e  *  respectively.  The  quantities  and 
I ,  are  the  activation  energies  of  the  processes  invcdved  and  s,  and  s, 
the  frequency  factors  for  these  processes.  The  rate  constant  k,  may 
immediately  be  identified  as  the  rate  of  untrapping  from  the  principal 
traps  filled  at  the  temperature  in  question.  For  generality  the  process 
of  rate  k,  will  not  be  identified  for  the  present. 

If  Nq  is  the  number  of  activators  excited  in  one-half  cycle  of  excit¬ 
ation,  then  Nj ,  the  number  of  electrons  transported  to  traps  from  the 
activators,  is 


Ni  =  No(l  -e’*^*). 


where  t  is  one-half  of  the  reciprocal  of  the  frequency  of  excitation. 
The  number  of  electrons  thus  trapped  which  remain  trapped  at  the  end 
of  the  following  half -cycle  of  excitation  Nrj<  is 

(2)  %  =  Nje"*^* 

The  brightness,  B,  is  proportional  to  the  number  of  excited  activators 
which  can  recombine  during  the  complete  voltage  cycle  and  is  given  by 
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(3) 


-k.!^  -k,t 

N 

If  the  rate  of  removal  of  electrons  from  the  region  of  the  activator 
is  governed  by  the  rate  of  untrapping,  then  k,  =  k,.  The  temperature, 
Tjq,  of  the  minimum  found  by  differentiation  of  (3)  is 

^m  "  kln(st/ln2) 

When  retrapping  occurs  during  the  return  of  the  electrons  to  the 
activators,  the  minimum  in  electroluminescence  becomes  more  pro¬ 
nounced.  At  low  temperatures  with  a  large  amount  of  retrapping  the 
electrons  fail  during  the  voltage  cycle  to  return  to  the  activators,  re¬ 
sulting  in  the  type  of  behavior  reported  by  AUrey  and  Taylor.  The 
presence  of  more  than  a  single  trap  depth  results  in  increasing  the 
half -width  of  the  depression.  The  positions  of  the  principal  glow  peak 
and  the  principal  electroluminescent  brightness  minimum  in  both 
powder  cells  and  single  crystals  are  in  accord  with  a  trap  depth  of 
0.25  ev  and  a  frequency  factor  for  untrapping  of  lO'**  sec~^.  There  is 
evidence  in  both  thermoluminescence  and  temperature  dependence  of 
electroluminescent  brightness  for  a  considerable  amount  of  retrapping 
and  for  the  presence  of  more  than  a  single  trap  depth. 
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INFRA-RED  QUENCHING  OF  CADMIUM  SULPHIDE 
S.  H.  Liebson 

United  States  Naval  Research  Laboratory 
Washington,  D.  C. 


The  luminescence  and  electrical  properties  of  the  hexagonal  form  of 
cadmium  and  zinc  sulphide  crystals  are  affected  by  exposure  to  infra¬ 
red  radiation.  Cadmium  sulf^lde  crystals  through  which  a  current  due 
to  photo-excitation  passes,  exhibits  a  decrease  in  this  current  when 
infra-red  is  added  to  the  incident  radiation.*  This  behavior  is  called 
infra-red  quenching. 

We  have  investigated  the  infra-red  quenching  of  cadmium  sulphide 
as  a  function  of  applied  voltage,  infra-red  and  photoconductive  light 
intensities,  and  temperature.  In  general,  the  proportional  quenching, 
defined  as  the  change  in  photoconductive  current  due  to  infra-red 
divided  by  the  current  due  to  the  photoconductive  light  alone,  increases 
as  the  voltage  across  the  crystal  is  increased.  For  some  crystals  with 
rectifying  contacts,  oscillations  of  the  current  were  observed  when 
infra-red  and  photoconductive  light  were  simultaneously  incident  on  the 
crystal.  For  crystals  with  ohmic  contacts,  the  change  in  current  due 
to  infra-red  at  first  increased  then  became  constant  as  the  photocon¬ 
ductive  light  was  increased. 

The  infra-red  quenching  spectrum  consists  of  two  bands  with  peaks 
at  about  0.9  and  1.5  ev.  These  peaks  were  found  to  shift  with  temper¬ 
ature  to  approximately  the  same  extent  as  the  corresponding  shift  of 
the  absorption  edge,*  of  the  order  of  1  X  per  degree  centigrade. 

The  proportional  quenching  was  measured  as  a  function  of  temper¬ 
ature  and  found  to  have  a  maximum  near  room  temperature  for  most 
of  the  crystals  examined.  No  peaks  in  the  thermo -stimulated  currents 
were  found  at  this  temperature.  For  two  other  crystals,  both  taken 
from  the  same  growth,  proportional  infra-red  quenching  was  found  to 
increase  from  -40''C  to  -t-TS^C.  Measurements  were  not  continued  be¬ 
yond  TS^C  due  to  the  fact  that  irreversible  changes  in  photoconductive 
behavior  are  likely  to  occur  at  higher  temperatures.  A  measurement 
of  the  photocurrent  versus  temperature  without  infra-red  showed  no 
appreciable  difference  between  those  crystals  exhibiting  a  maximum 
in  proportional  infra-red  quenching  at  room  temperature  and  those 
which  increased  with  temperature.  Since  it  has  been  postulated***  that 
copper  impurities  were  responsible  for  the  infra-red  quenching  behav¬ 
ior  in  sulphides,  a  crystal  with  added  copper  was  among  those  exam¬ 
ined.  Another  of  the  crystals  examined  had  silver  added  during  the 
growth  and  one  more  had  been  heated  in  an  atmosphere  of  sulphur  for 
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30  hours  at  550°C.  Here  too,  no  appreciable  difference  was  observed 
between  these  crystals.  Spectroscopic  analysis  indicated  that  all  crys¬ 
tals  contained  from  0.001%  to  0.01%  of  copper. 

The  increase  of  photovoltage  and  photocurrent  by  the  addition  of 
infra-red  at  a  rectifying  contact  has  been  interpreted  to  indicate  that 
infra-red  frees  holes  within  the  barrier  region,  tending  to  increase 
both  the  barrier  thickness  and  the  barrier  potential.^  The  oscillatory 
character  of  some  of  the  observed  crystals  with  rectifying  contacts  is 
probably  related  to  the  ability  of  infra-red  to  increase  the  barrier 
height. 

The  increase  of  proportional  quenching  with  increase  of  applied  field 
may  be  interpreted  in  several  ways.  Klasens  has  suggested*  that  at  the 
higher  voltages  the  greater  field  may  increase  the  range  of  travel  of 
holes  to  recombination  regions,  resulting  in  enhanced  quenching  action. 
Another  possible  explanation  is  that  the  increased  fields  increase  the 
internal  space  charge  or  polarization.  For  either  case  the  following 
explanation  is  offered  for  infra-red  quenching.  Infra-red  excited  holes 
which,  perhaps  with  the  aid  of  thermal  ionization,  are  made  mobile  in 
the  valence  band.  They  may  now  be  swept  by  the  field  to  a  potential 
barrier  due  to  trapped  electrons  where  recombination  takes  place.  The 
empty  electron  trap  is  now  available  for  capturing  electrons  from  the 
conduction  band,  resulting  in  quenching.  The  thermal  ionization  of 
excited  holes  has  previously  been  proposed  by  Taft  and  Hebb,''  and 
Klasens.*  The  measurements  of  proportional  quenching  as  a  function 
of  temperature  does  indeed  indicate  that  at  least  for  temperatures  be¬ 
low  about  SS^C,  the  proportional  quenching  increases  with  increasing 
temperature  as  these  theories  predict.  However,  the  decrease  in  pro¬ 
portional  quenching  for  most  of  the  crystals  as  the  temperature  is 
increased  above  room  temperature  is  not  in  accord  with  this  simple 
concept.  Since  we  postulate  the  quenching  process  to  consist  of  a  re¬ 
combination  of  mobile  holes  with  trapped  electrons,  an  explanation  of 
the  decrease  of  quenching  at  high  temperatures  is  offered  based  on  a 
thermal  ionization  of  these  trapped  electrons.  Some  evidence  for  this 
is  foimd  in  the  measurements  of  Ramanna  and  Duggal,*  who  have  found 
that  the  internal  polarization  of  cadmium  sulphide  decreases  at  high 
temperatures. 

The  shift  with  temperature  of  the  peaks  of  the  infra-red  quenching 
spectrum  of  cadmium  sulphide,  of  the  same  amount  as  the  change  in 
forbidden  band  width,  implies  that  either  the  bottom  of  the  conduction 
band  or  the  top  of  the  valence  band  moves  with  respect  to  the  infra-red 
absorption  centers.  If  the  nature  of  change  in  forbidden  band  with 
temperature  were  known  it  could  help  to  decisively  determine  whether 
infra-red  frees  electrons  or  holes. 
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RECOMBINATION  PROCESSES  IN  CADMIUM  SULFIDE 
John  Lambe 

Naval  Research  Laboratory 
Washington,  D.  C. 


An  experimental  study  has  been  carried  out  on  the  photoconductivity 
and  luminescence  of  cadmium  sulfide  crystals.  This  study  was  pri¬ 
marily  concerned  with  the  role  which  the  various  recombination  pro¬ 
cesses  play  in  determining  the  photoconductive  properties.  The  two 
main  problems  investigated  were  the  photoconductive  spectral  response 
and  the  relationship  between  luminescence  and  photoconductivity.  The 
approach  used  in  this  study  is  based  on  observations  of  the  transient 
response  of  photocurrent  and  luminescence  to  varying  excitations. 

The  photoconductive  spectral  response  of  CdS  is  such  that  the  peak 
in  photoconductivity  lies  to  the  long  wavelength  side  of  the  region  of 
maximum  optical  absorption.  This  means  that  although  the  absorption 
decreases,  the  photoconductive  spectral  response  increases.  Most 
explanations  for  this  behavior  assume  that  either  the  mobility,*  or  the 
lifetime*'*  of  an  electron  in  the  conduction  bands  is  dependent  upon  the 
wavelength  of  the  exciting  light.  Measurements  were  carried  out 
therefore,  to  examine  the  wavelength  dependence  of  the  lifetime  of  con¬ 
duction  electrons,  and  to  what  extent  this  factor  determined  the  ob¬ 
served  photoconductive  spectral  response.  The  lifetime  of  conduction 
electrons  was  measured  by  observing  the  initial  rate  of  decay  of  photo¬ 
conductivity  when  excitation  was  interrupted.  These  observations 
indicated  a  considerable  dependence  of  the  lifetime  upon  wavelength  of 
exciting  light.  The  lifetime  of  conduction  electrons  increased  by  a 
factor  of  about  10  in  going  from  4800  A  to  5200  A.  In  addition,  meas¬ 
urements  were  made  of  the  i^otoconductive  spectral  response  and 
optical  absorption  characteristics.  Using  these  lifetime  measurements 
and  the  optical  absorption,  a  photoconductive  spectral  response  was 
calculated  which  was  in  good  agreement  with  the  observed  spectral 
response.  Some  crystals  of  CdS  were  encountered  which  showed  no 
photoconductive  peak  in  spectral  response  and  also  no  wavelength  de¬ 
pendence  in  the  lifetime  measurements.  These  observations  indicate 
that  the  dependence  of  the  lifetime  of  conduction  electrons  upon  wave¬ 
length  of  exciting  light  plays  the  major  role  in  determining  the  photo¬ 
conductive  spectral  response. 

A  comparative  study  was  made  of  the  rise  and  decay  rates  of  lumi¬ 
nescence  and  iriiotoconductivity  for  the  orange  luminescence  of  CdS 
(Ag)  and  for  the  green  edge  luminescence  and  red  luminescence  of 
*  unactivated”  CdS.  In  all  cases,  the  crystals  were  excited  by  light  at 
3650  A. 


In  the  case  of  CdS  (Ag)  at  77°K,  the  decay  time  of  luminescence 
(time  required  to  drop  to  iof  initial  value)  was  about  .05  milliseconds 
while  the  decay  time  of  photoconductivity  was  about  5  milliseconds. 

Such  a  result  is  difficult  to  explain  on  the  basis  of  the  usual  model  for 
photoconducting  phosphors  in  which  luminescence  occurs  after  the  cap¬ 
ture  of  a  conduction  electron  at  a  luminescent  center.  A  somewhat 
simpler  explanation  of  this  difference  in  decay  time  can  be  made  on  the 
basis  of  a  model  which  has  been  proposed  for  CdS  (Ag).*  In  this  model, 
luminescence  is  assumed  to  result  from,  the  recombination  of  a  bound 
electron  and  a  free  hole.  Thus,  if  free  holes  have  a  short  lifetime,  the 
decay  time  of  luminescence  will  be  short.  The  decay  time  of  the  photo¬ 
conductivity  on  the  other  hand  is  to  be  associated  with  the  lifetime  of 
conduction  electrons  which  can  be  quite  different  from  the  lifetime  of 
free  holes.  Such  a  model  was  also  found  to  be  consistent  with  observa¬ 
tions  on  infra-red  stimulation  of  luminescence  and  i^tocurrent  in 
CdS  (Ag).*  At  200'’K  it  is  found  that  although  the  decay  time  of  lumi¬ 
nescence  is  much  more  rapid  than  the  decay  of  photoconductivity,  the 
rise  of  luminescence  parallels  the  rise  of  photoconductivity.  At  1T>K 
both  rise  and  decay  of  luminescence  are  much  more  rapid  than  the  rise 
and  decay  of  photoconductivity.  This  effect  in  the  rise  time  of  lumi¬ 
nescence  at  200**K  is  explicable  on  the  basis  of  the  proposed  model. 

The  green  edge  luminescence  of  CdS  was  observed  at  TT’K  and  at 
4*’K.  The  decay  time  of  the  green  edge  luminescence  is  roughly  .07 
milliseconds,  while  the  decay  time  for  photoconductivity  is  about  5 
milliseconds.  This  result  can  be  explained  on  the  basis  of  a  model 
similar  to  that  proposed  for  CdS  (Ag).  That  is,  if  one  assumes  that 
luminescence  results  from  the  recombination  of  a  free  hole  and  a  bound 
electron,  then  the  decay  time  of  luminescence  can  be  associated  with 
the  lifetime  of  free  holes.  If  free  holes  have  a  short  lifetime,  the  decay 
of  luminescence  will  be  rapid.  At  77**K  the  rise  of  photoconductivity 
parallels  the  rise  of  the  green  luminescence.  At  4°K,  both  rise  and 
decay  of  the  green  luminescence  are  much  more  rapid  than  the  rise 
and  decay  of  photoconductivity. 

The  red  luminescence  of  *unactivated”  CdS  was  studied  at  300°K. 

The  decay  time  of  luminescence  was  about  .2  milliseconds  while  the 
decay  time  for  photoconductivity  was  about  4  milliseconds.  This  result 
can  also  be  explained  on  the  basis  of  the  above  model,  but  since  little  is 
known  of  the  center  responsible  for  this  luminescence,  just  as  in  the 
case  of  the  green  luminescence,  such  an  explanation  is  largely  phenom¬ 
enological. 
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SENSITIZED  LUMINESCENCE  OF  NaCl:Ag+Cu 

Esther  W.  Claffy  and  Clifford  C.  Kllck 

United  States  Naval  Research  Laboratory 
Washington,  D.  C. 


Partly  because  of  their  widespread  use  in  lamps,  doubly  activated 
inorganic  phosphors  have  been  widely  investigated.  In  most  of  these 
phosphors  it  has  been  shown  that  one  center— called  the  sensitizer  or 
absorber— absorbs  the  exciting  light  and  transfers  its  energy  to  the 
other  center— called  the  activator  or  emitter— which  then  luminesces. 

In  all  the  cases  investigated  experimentally  the  luminescence  emission 
in  the  activator  was  of  a  “forbidden”  type  and  this  center  was  most 
frequently  manganese. 

In  organic  solutions,  on  the  other  hand,  a  large  amount  of  experi¬ 
mental  data  has  been  collected  on  transfer  of  energy  between  organic 
molecules  which  have  “allowed”  luminescence  transitions.  Consider¬ 
able  theoretical  work  has  also  been  done  in  the  organic  field,  especially 
by  Forster,*  treating  the  energy  transfer  process  quantum  mechani¬ 
cally.  Recently  Dexter*  has  extended  these  theoretical  considerations 
to  the  case  of  inorganic  phosphors  and  to  cases  where  various  types  of 
forbidden  transitions  were  involved.  The  agreement  with  experiment 
seems  satisfactory. 

From  the  theoretical  arguments  advanced,  however,  it  should  be 
possible  to  observe  sensitized  luminescence  in  inorganic  phosphors 
using  suitably  chosen  activators  both  of  which  have  allowed  transitions. 
The  present  investigation  of  such  a  system  was  undertaken  as  a  further 
check  of  the  theory. 

The  system  chosen  for  study  was  NaCl:Ag-t-Cu.  The  silver  ion  has 
an  absorption  peak  at  2170A  as  well  as  an  absorption  structure  extend¬ 
ing  into  the  region  on  the  shortwavelength  side  of  2000A.  Irradiation 
into  the  2170A  band  produces  an  emission  peaking  at  2500A.  The  cop¬ 
per  ion  has  an  absorption  peak  at  2550A  and  it,  too,  has  absorption  to 
the  shortwavelength  side  of  2000A.  Irradiation  into  the  2550A  peak  of 
copper  leads  to  emission  peaking  at  3580A.  Thus  the  emission  spec¬ 
trum  of  the  silver  ion  and  the  absorption  spectrum  of  the  copper  ion 
overlap  allowing  for  efficient  energy  transfer,  according  to  the  theory. 
This  phosphor  should  therefore  show  sensitized  luminescence  with  the 
silver  as  sensitizer  and  the  copper  as  activator.  Both  of  these  centers 
are  generally  considered  to  have  allowed  transitions  as  indicated  by 
their  relatively  high  absorption  strength  and  fast  decay  times. 

The  reagents  used  to  prepare  the  samples  were:  (1)  NaCl,  specially 
purified  with  dithizone  to  remove  traces  of  the  heavy  metals  Pb,  Tl, 
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Cu,  Ag;  (2)  AgCl,  “CP"  grade;  and  (3)  CuCl,  synthesized  for  the  purpose 
and  protected  against  oxidation  to  the  cupric  form. 

Elaborate  precautions  were  taken  to  avoid  contamination  of  the 
samples  during  processing,  and  to  prevent  oxidation.  The  dry  reagents 
were  mixed  mechanically  in  a  mullite  mortar  and  pestle  in  the  presence 
of  calcium  hydride  desiccant,  and  the  charge  was  fired  in  a  platinum 
crucible  in  an  atmosphere  of  purified  and  dried  helium.  The  polycrys¬ 
talline  melts  were  stored  in  a  desiccator.  Just  before  measurement, 
the  samples  were  pulverized  and  sieved  to  a  particle  size  of  179-149 
micron  diameter  (#80-100  mesh  fraction).  The  final  grinding  and 
sieving  were  done  in  a  low  humidity  room.  In  all  the  samples  the  con¬ 
centration  of  silver  was  kept  constant  at  100  parts  per  million,  thus 
keeping  the  absorption  constant.  The  copper  concentration  was  varied 
over  the  range  of  0.1  to  1000  parts  per  million. 

In  addition  to  the  transfer  of  energy  from  silver  to  copper  ions  by 
sensitized  luminescence  there  is  a  transfer  by  direct  emission  from 
the  silver  and  reabsorption  by  the  copper  ions.  This  “cascade”  process 
involves  the  actual  emission  of  a  photon  from  the  sensitizer,  which  is 
not  the  case  for  the  sensitized  luminescence  mechanism  being  consid¬ 
ered.  The  efficiency  of  the  cascade  process  depends  not  only  on  the 
concentration  of  activators  but  also  on  the  sample  size  and  shape;  for 
the  sensitized  luminescence  process  the  efficiency  is  dependent  only 
on  the  activator  concentration. 

The  variation  of  the  quantum  efficiency  with  activator  concentration 
due  to  transfer  by  the  cascade  process  was  computed  using  methods 
developed  by  Johnson’  for  evaluating  the  reflectivity  of  powders.  In  the 
present  case  there  are  two  separate  steps  in  the  computations:  first, 
the  fraction  of  the  exciting  light  absorbed  by  the  silver  ion  is  computed 
as  a  function  df  the  depth  below  the  powder  surface;  second,  the  prob¬ 
ability  that  luminescence  of  the  silver  ion  is  absorbed  by  the  copper 
centers  is  computed  for  luminescence  beginning  at  various  depths  be¬ 
low  the  surface.  From  this  data  it  is  possible  to  compute  the  efficiency 
of  transfer  by  the  cascade  process  alone.  The  results  of  this  calcula¬ 
tion  indicate  that  the  efficiency  is  high  and  varies  slowly  with  activator 
concentration  in  the  range  investigated.  This  may  be  understood  in  a 
qualitative  way  by  a  simple  argument.  The  absorption  strength  for  the 
copper  ion  is  considerably  larger  than  that  for  the  silver  ion.  There¬ 
fore  the  exciting  light  penetrates  fairly  deeply  into  the  powder  before 
being  absorbed  by  the  silver  centers.  The  silver  luminescence  origi¬ 
nating  at  this  relatively  large  distance  below  the  surface  is  almost 
completely  absorbed  by  the  copper  centers  with  their  high  absorption 
strength.  Since  this  is  true  even  for  fairly  low  concentrations  of  cop¬ 
per,  the  variation  of  emission  with  copper  concentration  is  slow.  By 
contrast  the  transfer  due  to  sensitized  luminescence  varies  linearly 
with  activator  concentration  at  low  concentrations. 

Measurements  were  made  of  the  quantum  efficiency  of  the  copper 
emission  on  irradiation  into  the  silver  absorption  band  using  apparatus 
developed  in  this  laboratory.*  The  experimental  results  show  a  linear 
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variation  of  efficiency  of  transfer  with  activator  concentration  up  to  30 
parts  per  million.  At  1 00  parts  per  million,  concentration  quenching 
begins  to  occur.  In  the  linear  range  of  efficiency  versus  activator  con¬ 
centration,  the  measured  values  are  larger  by  a  factor  of  three  than  the 
sensitized  luminescence  theoretical  values  but  are  as  much  as  a  factor 
of  ten  less  than  the  computed  cascade  values. 

Since  both  the  absolute  value  of  the  transfer  efficiency  and  its  vari¬ 
ation  with  activator  concentration  agree  reasonably  well  with  the  pre¬ 
dictions  of  sensitized  luminescence  theory,  it  appears  that  this  process 
does  occur  between  activators  with  allowed  transitions  in  inorganic 
phosphors.  The  absence  of  appreciable  transfer  by  the  cascade  process 
is  probably  due  to  the  presence  .of  the  sensitizer  in  its  excited  state  for 
a  longer  time  than  expected  for  a  simple  center.  It  is  possible  that  the 
presence  of  higher  excited  states  leads  to  crossovers  or  metastable 
states  as  in  KC1:T1  and  that  these  increase  the  sensitized  luminescence 
transfer  probability. 
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FLUORESCENCE  OF  THALLIUM  ACTIVATED  HALIDE  PHOSPHORS 
I  SPECTRA  OF  NH^  Br:Tl 

Keith  H.  Butler 

Sylvanla  Electric  Products  Inc. 

Salem,  Massachusetts 


Ammonium  bromide  phosphors  can  be  readily  made  by  grinding 
crystals  of  the  pure  compound  vdth  thallous  chloride  in  a  mortar.  The 
emission  and  excitation  spectra  of  such  phosphors  with  thallium  con¬ 
tents  between  10“®  and  10"*  mole  fraction  were  determined  with  a  radi¬ 
ometer  which  permitted  automatic  recording  of  either  the  emission 
spectrum,  with  excitation  by  a  narrow  band  of  U.V.  of  any  wavelength 
above  220m  tt,  or  else  recording  of  the  excitation  spectrum  with  analysis 
at  any  selected  wavelength  above  280m/i. 

The  NH|  Br:Tl  phosphors  have  a  strong  emission  band  at  400m^ 
which  is  excited  by  U.V.  radiation  in  either  of  two  bands  peaking  at 

227mfi  and  258m/i.  Transitions  between  ^Sq(6s*)  and  ^P^  (6s6p)  account 
for  the  258  and  400m/i  bands  while  the  absorption  band  at  221mli  is  due 
to  excitation  to  the  ^P|  (6s7p)  state. 

A  weaker  emission  band  at  535m(i  is  excited  by  bands  centered  at 

1  3 

242  and  280mp.  These  are  due  to  transitions  from  SQ(6s®)tothe  P° 
states  of  the  6s6p  and  6s7p  configurations. 

In  the  case  of  excitation  to  the  6s7p  configuration  the  electron  re¬ 
turns  through  6s7s  to  6s6p  without  radiation  in  the  visible.  The  usual 
selection  rules  ai^lying  to  free  ions  ai^ar  to  be  also  applicable  to 
ions  in  the  lattice.  There  is  no  evidence  for  thermal  equilibrium  be- 
1  3 

tween  the  P^  and  P°  states  of  the  6s6p  configuration. 

Similar  spectra  have  been  found  for  NH^  Cl,  KBr  and  KI  activated  by 
thallium. 
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FLUORESCENCE  OF  THALUUM  ACTIVATED  HALIDE  PHOSPHORS 
n  SPECTRA  OF  KCI:T1 
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The  excitation  and  emission  spectra  of  potassium  chloride  phosphors 
activated  by  thallium  concentrations  between  1x10"*  and  3x10"*  mole 
fraction  have  been  measured  on  an  automatic  recording  radiometer. 

The  broad  excitation  band  found  by  other  observers  at  240  to,275mju 
has  been  resolved  into  two  components  peaking  at  about  245  and  260m/i. 

The  245mp  band  is  attributed  to  excitation  from  the  ^S  (6s*)  state  to 
P^  (6s6p)  and  it  is  responsible  for  the  strong  emission  band  at  302m/i. 

The  weaker  emission  band  at  492mA<  is  excited  by  the  260m//  com¬ 
ponent  of  the  excitation  band  and  these  can  be  attributed  to  transitions 
1  3 

between  and  P°  (6s6p). 

It  is  believed  that  transitions  in  the  excited  ion  can  be  made  from 
1  3 

P^  to  P^  but  that  the  reverse  transition  does  not  occur. 

The  shorter  wavelength  excitation  band  at  195m/(  can  then  be  as¬ 
cribed  to  transitions  to  the  6s7p  configuration. 

Similar  spectra  with  two  close  components  in  the  main  excitation 
band  have  been  observed  for  NaCl,  NaBr  and  Nal. 
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SOME  GENERAL  CONSIDERATIONS  ON  THE  PREPARATION 
OF  OXYGEN-DOMINATED  PHOSPHORS 
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In  the  preparation  of  phosphors  for  practical  applications  the  object 
is,  of  course,  to  attain  as  high  an  efficiency  as  is  possible.  It  has  been 
known  for  a  long  time  that  it  is  essential  to  use  very  pure  ingredients 
for  the  purpose.  In  the  case  of  the  sulphides  the  purity  is  often  the 
limiting  factor  in  the  efficiency.  The  oxygen-dominated  phosphors  are 
in  most  cases  prepared  by  firing  a  mixture  of  different  oxides,  or 
materials  which  form  oxides  on  decomposition.  In  the  making  of  a 
phosphor  of  high  efficiency  various  factors  are  of  importance. 

1)  The  formation  of  the  crystal  lattice  desired  generally  presents  no 
difficulties.  If  the  lattice  is  difficult  to  produce,  this  can  often  be  facil¬ 
itated  by  firing  in  steam  or  by  the  addition  of  mineralisers.  The  in¬ 
fluence  of  fluorides  in  this  latter  connection  is  well  known.  It  is  con¬ 
sidered  that  the  introduction  of  fluoride  into  the  lattice  produces  open 
metal  sites  thereby  increasing  the  diffusion  rate. 

2)  The  composition  of  the  crystal  lattice.  In  several  cases  it  is 
known  that  an  excess  of  one  or  more  of  the  constituents  can  be  incor¬ 
porated.  An  excess  of  silica  may  be  incorporated  in  zinc  silicate- 
manganese  without  appreciably  affecting  the  efficiency  of  the  phosphor. 
An  excess  of  phosphoric  acid  can  be  taken  up  in  halophosphates,  whilst 
an  excess  of  calcium  leads  to  the  formation  of  calcium  antimonate  owing 
to  which  the  fluorescence  is  lost.  The  question  arises  as  to  whether  an 
excess  of  one  of  the  components  can  occur  locally  in  a  stoichiometric 
firing  mixture.  If,  in  a  halophosphate,  many  grains  containing  an  excess 
of  calcium  were  to  occur,  these  grains  would  not  luminesce,  thus  re¬ 
ducing  the  efficiency. 

luring  tests  in  which  a  normal  halophosi^te  is  mixed  with  a  non- 
activated  halophosphate  containing  an  excess  of  calcium  show  that  even 
among  already-formed  phosphor  grains  a  considerable  exchange  of  ions 
still  takes  place,  which  equalizes  possible  variations  in  composition. 

3)  The  presence  of  foreign  materials.  When  the  reaction  among  the 
starting  materials  is  not  complete,  no  homogeneous  phase  is  obtained 
and  part  of  the  starting  materials  or  compounds  formed  intermediately 
must  remain  in  existence  alongside  the  crystal  lattice.  The  influence 
of  this  on  the  efficiency  depends  on  the  absorption  of  the  exciting  radi¬ 
ation.  This  is  shown  by  the  influence  of  2537  A  -  absorbing  calcium 
antimonate  and  non-absorbing  unactivated  halophosphate  on  the  luminous 
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output  of  a  halophosphate.  The  course  of  the  formation-reaction  of 
many  phosphors  is  such  that  U.V. -absorbing  oxides  diffuse  into  com¬ 
pounds  which  do  not  show  U.V.  absorption.  If  the  reaction  is  not  com¬ 
plete  the  chance  is  great  that  U.V.  absorbing  material  remains  on  the 
surface,  so  that  the  efficiency  is  reduced.  An  excess  of  the  non¬ 
diffusing  constituent  is  often  added  to  counteract  this.  Examples  of  this 
are  the  addition  of  an  excess  of  silica  in  the  preparation  of  zinc  silicate, 
and  the  addition  of  an  excess  of  magnesium  oxide  in  the  preparation  of 
magnesium  tungstate.  It  has  proved  to  be  possible,  in  several  cases, 
to  make  practically  stoichiometric  phosphors,  provided  that  sufficiently 
reactive  primary  materials  are  employed,  and  a  second  firing  with  a 
little  of  the  non-diffusing  constituent  is  carried  out. 

4)  The  properties  of  the  materials  used.  Materials  with  a  high 
reactivity  are  generally  used.  In  the  preparation  of  zinc  beryllium 
silicate,  however,  too  reactive  a  beryllium  oxide  will  interfere  with  the 
incorporation  of  the  manganese.  In  the  preparation  of  halophosphates 
difficulties  occur  when  a  highly  reactive  calcium  fluoride  is  ubed.  It  is 
interesting  to  consider  the  relation  between  the  grain  size  of  the  mate¬ 
rials  used  and  the  grain  size  of  the  fired  phosi^or.  The  latter  is  often 
determined  by  the  grain  size  of  the  non-diffusing  main  constituent.  If 
this  has  a  strong  tendency  to  sintering  at  the  firing  temperature,  how¬ 
ever,  the  grain  size  of  the  other  components  also  plays  an  important 
part. 
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THE  ACTIVATOR  SYSTEMS  IN  ZINC  SULFIDE  AND 
HALOPHOSPHATE  PHOSPHORS 

J.  S.  Prener  and  F.  E.  Williams 

General  Electric  Research  Laboratory 
Schenectady,  New  York 


The  nature  of  the  activator  systems  in  copper-  and  silver-activated 
zinc  sulfide  has  been  a  subject  of  much  discussion.*  In  order  to  learn 
more  about  these  phosphors,  we  prepared  zinc  sulfide  containing  copper 
located  unambiguously  at  substitutional  zinc  sites. 

High  purity  zinc  oxide  was  irradiated  in  the  Idaho  F^lls  Reactor  until 
the  concentration  of  radioactive  zinc -65  was  0.0034  per  cent.  The  zinc 
oxide  was  then  converted  to  zinc  sulfide  by  heating  at  900‘*C  in  a  stream 
of  dry  H,S  containing  a  small  quantity  of  HCl.  Zinc -65  decays  with  a 
half-life  of  two  hundred  fifty  days  to  stable  copper-65  by  K-electron 
capture  and  the  emission  of  a  1.12  mev.  gamma  ray.  The  recoil  energy 
associated  with  this  gamma  ray  emission  is  10.3  ev. 

In  the  case  of  Ge,  Lark-Horovitz*  found  that  30  ev  were  necessary  to 
produce  vacancies  and  interstitials.  A  calculation  based  on  an  ionic 
model  of  ZnS  indicated  that  at  least  one -half  of  the  Cu  atoms  remain  at 
substitutional  zinc  sites.  We  concluded,  therefore,  that  in  the  experi¬ 
mental  material  most  of  the  Cu  atoms  formed  by  the  decay  of  zinc -65 
remain  at  the  zinc  sites. 

The  initial  copper  content,  due  to  the  decay  of  zinc-65  during  irradi¬ 
ation  and  before  the  zinc  sulfide  was  prepared,  amounted  to  0.00025  per 
cent.  This  initial  Cu  content  together  with  the  haiogen  used  in  the  prep¬ 
aration  of  the  zinc  sulfide  gave  rise  to  an  emission  spectrum  when  ex¬ 
cited  by  3650  A.  ultraviolet  that  consisted  of  the  green  Cu  band  peaking 
at  5160  A  and  the  blue  "self -activated”  band  at  about  4500  A .  We  ob¬ 
tained  additional  emission  spectra  as  the  transmutation  of  zinc  to  cop¬ 
per  occurred  until  the  copper  content  rose  to  .00154  pcsr  cent.  We 
could  observe  no  change  in  the  ratio  of  the  green  to  blue  peak,  althougn 
based  or.  die  data  of  Urbach’  and  our  own  experiments,  there  should 
have  be^in  a  detectable  change  had  the  coppers,  formed  by  the  decay  of, 
zinc -65,  given  rise  to  activator  centers.  These  results  and  the  known 
independence  of  the  emission  spectrum  on  the  nature  of  the  coactivator 
in  zinc  sulfide  phosphors  indicated  two  things  consistent  with  the  sub¬ 
stitutional  model  described  in  this  paper: 

1 .  Isolated  copper  at  zinc  sites  does  not  give  rise  to  an  activator 
system. 
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2.  The  chlorine  and  copper  in  zinc  sulfide  are  spatially  associated 
but  are  not  nearest  neighbors. 

We  propose  the  following  substitutional  model  of  the  activator  system 
in  copper-activated  zinc  sulfide  (Aosphors  based  on  the  covalent  bonding 
existing  in  this  material.  The  electronic  configuration  of  zinc  in  zinc 
sulfide  is  ls*2s*2p^3s*3p^3d‘'’4s4p?  and  four  tetrahedral  bonds  can  be 
formed.  Copper,  having  one  less  nuclear  charge  can  make  only  three 
complete  bonds  to  neighboring  suifurs  with  the  remaining  bond  being 
incomplete.  This  gives  rise  to  an  empty  state  associated  with  the  bond¬ 
ing  electrons,  and  this  state  is  located  above  the  filled  band  of  zinc 
sulfide.  Thu^,  while  copper  introduces  a  localized  level,  the  level  is 
empty  and  cannot  give  rise  to  luminescence.  The  presence  of  halogen 
having  one  nuclear  charge  more  than  sulfur  can  form  four  complete 
bonds  to  neighboring  zincs  with  an  extra  electron  trapped  in  the  coulom- 
bic  field  of  the  excess  positive  charge.  This  gives  rise  to  a  filled  local¬ 
ized  level  below  the  conduction  band  of  zinc  sulfide.  At  equilibrium  the 
electron  in  the  field  of  the  halogen  will  be  transferred  to  the  copper 
yielding  a  filled  localized  level  above  the  conduction  band  and  an  empty 
trapping  level  below  the  filled  band.  Thus  the  presence  of  halide  is 
necessary  for  the  production  of  an  activator  system  and  its  function  is 
not  primarily  that  of  a  flux  or  charge  compensator. 

A  halogen  and  a  copper  in  zinc  sulfide  will  be  attracted  coulomb! - 
cally  and  at  the  firing  temperatures  of  phosphors  where  diffusion  is 
rapid,  this  attraction  will  give  rise  to  a  halogen  near  a  copper  rather 
than  a  random  distribution  of  the  two.  The  free  energy  of  ^e  system 
will  be  a  minimum  when  the  halogen  is  at  a  second  or  third  nearest 
neighbor  sulfur  site  rather  than  at  nearest  neighbor  sites.  This  results 
from  the  condition  that  for  the  nearest  neighbor  configuration,  the  po¬ 
larizability  of  the  copper -halogen  bond  leads  to  a  partial  neutralization 
of  the  charges  resulting  in  a  very  small  coulomb  attraction.  The  inde¬ 
pendence  of  the  emission  spectrum  on  the  nature  of  the  coactivator  and 
the  high  efficiency  of  these  phosphors  with  both  ultraviolet  and  cathode - 
ray  excitation  are  in  accord  with  this  interpretation. 

The  crystal  structure  of  the  calcium  halophosphate  phosphors  acti¬ 
vated  by  Mn'*'*'  and  Sb'*"*'''  is  that  of  the  mineral  apatite.  The  structure 
of  the  apatites  has  been  studied.*  There  are  ten  Ca*"*'  ions  in  the 
unit  cell  occupying  two  different  crystallographic  sites.  Six  of  the  ten 
Ca*'*'  ions  have  as  nearest  neighbors  five  oxide  ions  and  a  fluoride  ion, 
or  two  chloride  ions,  although  the  details  of  the  halide  positions  in 
mixed  chloro-fluoro  apatites  are  not  known.  It  has  been  recognized^ 
that  the  Mn*"*"  ions  probably  occupy  these  Ca++  sites  since  the  position 
of  the  Mn*-*-  emission  band  is  sensitive  to  changes  in  the  ratio  of 
chloride  to  fluoride.  We  propose  that  the  Sb'*"*'*'  also  occupy  these  sites 
and  that  concurrently  an  0~  replaces  a  halide  ion  at  the  OOi  and  00^ 
sites.  In  this  manner  charge  balance  is  achieved  locally  leading  to  a 
configuration  of  minimum  free  energy.  The  Sb  band  would  be  relatively 
insensitive  to  changes  in  the  halide  ratio  since  its  nearest  neighbors 
would  be  0~  ions.  Such  a  replacement  by  0=  is  reasonable  in  view  of 
the  similarity  in  the  ion  sizes  of  0=  and  F~  and  the  similarity  in 
structure  of  the  halo-  and  oxy-apatites.’ 
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In  the  stoichiometric  apatite  structure  the  ratio  of  CaX,  to  PjO,  is 
1:3.  If  x/2  moles  of  Sb^O,  are  added  per  mole  of  apatite,  this  ratio 
would  be  reduced.  Thus  pure  calcium  halophosphate  could  be  written 
as  9Ca0:3P20s:CaX,,  whereas  the  phosphor  containing  z/2  moles  of 
SbjO,  and  y  moles  of  MnO  would  be  x/2  Sb20,:yMn0:9-x/2-3rCa0:3P,0s: 
l-x/2  CaX,.  We  therefore  predict  a  lower  CaX,  to  P^O,  ratio  in  the 
activated  phosphor  as  copipared  to  the  pure  halophosphate. 

The  authors  would  like  to  thank  Dr.  Louis  Stang  and  his  group  at  the 
Hot  Laboratory  of  the  Brookhaven  National  Laboratory  for  their  help 
in  the  preparation  of  the  zinc  sulfide  from  the  highly  radioactive  ZnO. 
We  also  wish  to  thank  the  Phillips  Petroleum  Company  and  the  staff  at 
the  Idaho  Falls  Reactor  for  irradiation  of  the  sample  of  zinc  oxide. 
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Many  recent  investigations^  show  that  small  traces  of  fluxes  are  of 
paramount  importance  in  the  preparation  of  commercial  luminescent 
solids.  Except  for  cases  similar  to  manganese -activated  zinc  sulfide, 
efficient  phosphors  can  only  be  prepared  from  zinc  sulfide  under  high 
pressure  at  elevated  temperatures  when  no  flux  is  used.  The  presence 
of  flux  exerts  a  pronounced  influence  on  the  luminescence  properties, 
the  crystal  structure  and  the  particle  size  of  zinc  sulfide  powders. 
Different  fluxes,  e.g.  alkali  and  zinc  halides,  differ  considerably  with 
respect  to  the  effect  of  the  anions  and  cations  of  the  fluxes  on  the  above 
properties.  These  investigations  of  the  quantitative  influence  of  fluxes 
depend  on  the  determination  of  small  traces  of  halides.  This  paper 
presents  a  method  for  determining  chloride  in  zinc  sulfide  by  a  con¬ 
centration  cell  procedure  according  to  Furman  and  Low  (Jour.  Am. 
Chem.  Soc.  1585  (1935)),  and  this  technique  can  as  well  be  used  for 
the  determination  of  other  halides.  This  method  may  be  employed  to 
study  the  correlation  of  traces  of  chloride  in  ZnS  with  particle  size, 
crystal  structure  and  luminescence  properties.  Some  of  these  corre¬ 
lations  will  be  discussed  in  the  next  paper. 

The  determination  of  chloride  is  attained  by  measuring  the  e.m.f. 
between  two  silver-silver  chloride  electrodes  which  are  suspended  in 
solutions  with  different  concentrations  of  chloride.  In  one  part  of  the 
cell  the  concentration  is  0.01  x  and  in  the  other  x,  where  x  is  the 
molarity  to  be  determined.  The  theory  leads  to  tlie  following  equation; 

E  =  0.0591  log  (2(x  +  0.01)/ (x  +  Vx*  +  4  P^/f*)) 

With  E  =  e.m.f.,  x  =  moles  of  chloride  per  liter,  Pg  =  solubility  of 
AgCl  in  pure  H,0  and  f  =  activity  coefficient.  The  value  of  f  is  found 
experimentally  by  using  a  solution  with  x  =  0  and  measuring  the  e.m.f. 
A  graph  for  the  above  equation  facilitates  the  determination  of  x.  The 
results  obtained  by  this  technique  are  accurate  and  reproducible,  as 
many  other  investigators  and  our  own  determinations  have  proven. 
Amounts  of  10~*  mols  of  chloride  per  liter  of  solution  were  determined 
quantitatively. 

The  experiments  were  conducted  in  order  to  study  the  concentration 
of  Cl~  at  various  stages  of  preparation  of  luminescent  zinc  sulfide 
powders.  Samples  of  zinc  sulfide  powders  containing  chloride  between 


less  than  0.002  and  30%  by  weight  were  fired  in  open  boats  and 
sealed  vials.  The  firing  procedure  was  conducted  in  a  boat  or  vial  and 
combustion  tube  of  transparent  quartz.  A  slow  flow  of  helium  elimi¬ 
nated  the  contamination  of  samples  by  air  during  the  open  boat  firings. 
The  vials  were  evacuated  for  1  hour  at  ISO^C  before  they  were  sealed 
off.  The  samples  of  zinc  sulfide  powders  were  precipitated  from  zinc 
chloride  or  zinc  sulfate  with  hydrogen  sulfide.  They  contained  very 
small  amounts  of  heavy  metals,  generally  below  the  limit  of  detectability 
by  spectrographic  procedures.  The  size  of  the  precipitate  was  always 
below  0.1  micron.  The  fired  samples  were  washed  in  water  and  sodium 
or  zinc  sulfate  solution*  in  order  to  remove  surface  chloride.  Samples 
of  powder  with  added  zinc  chloride  (28%  of  Cl~,  the  powder  contained 
no  volume  chloride)  showed  an  increase  in  volume  chloride  up  to  about 
600°C  when  fired  for  2  hours  in  open  boats.  In  the  vicinity  of  this  tem¬ 
perature  a  maximum  of  retained  (volume)  chloride  occurs,  and  the 
amoimt  of  (volume)  chloride  decreases  again  at  higher  temperatures. 
Open  boat  firing  of  samples  with  added  chloride  or  such  acquired  during 
precipitation  led  always  to  reduction  of  chloride,  even  down  to  the  limit 
of  detectibility,  if  the  temperature  and  time  of  firing  were  high  and  long 
enough.  The  above  retention  of  chloride  may  take  place  essentially  in 
the  lattice,  as  D.  T.  Palumbo  and  A.  K.  Levine  have  s\iggested  recently. 

The  observed  retention  of  chloride  in  zinc  sulfide  powder  fired  above 
SCHPC  in  sealed  vials  is  quite  different.  Here  the  amount  of  chloride  in 
the  powder  increases  with  the  time  and  temperature  of  firing.  However, 
if  growth  occurs  simultaneously  there  is  alro  some  dependence  of  re¬ 
tained  chloride  on  the  particle  size  obtained  to  be  observed.  Powders 
fired  at  850**C  for  4  hours  contain  more  than  twice  as  much  chloride  as 
those  fired  at  1000**C.  for  the  same  time.  The  mean  diameter  of  par¬ 
ticles  fired  at  1000*’C  is  in  this  case  about  20  times  hirger.  A  suggested 
explanation  for  this  behavior  may  be  the  competition  between  a  chloride- 
rejecting  growth  process  and  the  chloride -introducing  diffusion.  The 
relatively  large  surface  of  small  particles  permits  the  diffusion  of  a 
high  amount  of  chloride  into  the  volume. 

Another  series  of  experiments  shows  the  comparatively  slow  diffu¬ 
sion  of  chloride  into  the  bulk  of  the  powder.  Samples  with  0.5%  of  zinc 
chloride  by  weight  added  were  fired  in  sealed  vials  for  3  hours  at 
850‘’C.  The  amoimt  of  volume  chloride  was  found  to  be  0.014%  .  A  por¬ 
tion  of  these  samples  was  washed  in  order  to  remove  surface  chloride, 
while  other  batches  were  not  washed  (these  contained  0.22%  of  chlo¬ 
ride).  Both  categories  of  samples  are  presumed  to  contain,  however, 
the  same  amount  of  volume  chloride.  The  washed  and  unwashed  samples 
were  now  fired  in  open  boats  for  3  hours  at  90CPC.  H  the  diffusion  rate 
of  chloride  is  high  we  should  now  find  a  larger  amount  of  chloride  in  the 
unwashed  sample;  however  it  contains  only  0.009%  of  chloride,  only  10% 
more  than  the  washed  sample.  This  result  shows  that  the  diffusion  rate 
of  chloride  into  the  volume  is  much  smaller  than  the  evaporation  of 
chloride  from  the  surface  of  the  particles. 
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I  Many  investigator^  have  emphasized  the  importance  of  flux  on  the 

properties  of  zinc  sulfide  as  a  phosphor.  This  paper  will  deal  particu¬ 
larly  with  the  influence  of  time  and  temperature  of  firing  and  the  effect 
of  various  fluxes  on  particle  size,  crystal  structure  and  luminescence 
of  zinc  sulfide  powder.  The  experimental  arrangement  is  the  same  as 
described  in  the  paper  by  these  authors  on  the  retention  of  chloride, 
but  in  this  investigation  more  emphasis  has  been  laid  on  experiments 
in  sealed  evacuated  vials  in  order  to  keep  a  constant  proportion  of  flux 
during  the  firing  procedure.  The  purest  available  ZnS  powder  was  used 
containing  metallic  impurities  below  the  limit  of  spectrographic  detect¬ 
ability,  amounts  of  chloride  below  0.002%  and  of  sulfate  about  0.45% 
by  weight. 

The  particle  size  of  fired  samples  was  determined  by  gas  adsorption 
(BET  method)  and  microscopic  counting.  The  gas  adsorption  and  coimt- 
ing  procedures  are  in  good  agreement  for  particle  sizes  above  4  mi¬ 
crons,  and  the  deviation  was  then  below  10%,  especially,  if  the  material 
was  well  crystallized.  The  reproducibility  of  the  particle  size  with  the 
firing  conditions  proved  to  be  as  good  as  the  measurements  of  the  mean 
diameter.  Some  samples  were  checked  by  a  simplified,  rapid  BET 
method  developed  by  D.  T.  Palumbo  and  F.  Starkweather  of  our  labor¬ 
atory.  The  luminescence  decay  times  and  intensities  were  estimated 
visually  by  comparison  with  standards.  A  similar  classification  pro¬ 
cedure  was  applied  in  the  determination  of  the  ratios  of  hexagonal  to 
cubic  structure  of  powders.  The  magnitude  of  the  effects  observed 
justifies,  however,  these  comparatively  fast  qualitative  procedures. 

Samples  without  flux  added  were  fired  from  850°  to  1200°C  for  1  to 
16  hours  in  sealed  evacuated  vials  of  transparent  quartz.  Even  at 
850°C  and  firing  times  of  3  hours  as  much  as  ten  percent  of  the  fired 
cubic  powder  is  transformed  to  the  hexagonal  structure.  At  higher 
temperatures  the  structure  turns  gradually  to  the  hexagonal  form  until 
above  1050°C  the  fired  powders  are  completely  hexagonal.  The  par¬ 
ticle  size  increases  exponentially  with  the  temperature  and  with  the 
square  root  of  the  firing  time,  and  follows  very  closely  the  formula; 

i  a 

X  =  A  t‘  exp  (-  where  x  =  mean  diameter  of  particles,  a  and 
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A  =  constants  (which  were  found  to  depend  on  the  kind  and  amount  of 
flux  added),  t  =  time  and  T  =  absolute  temperature.  The  equation  can 
be  derived  with  the  assumptions  that  dx/dt  is  proportional  to  1/x,  the 
initial  Xq  is  much  smaller  than  x,  and  the  supersaturation  is  propor¬ 
tional  to  the  vapor  pressure.  The  first  assumption  implies  that  the 
growth  process  may  be  understood  as  a  diffusion  problem,  and  a  rea¬ 
sonable  basis  can  te  shown  for  the  other  assumptions.  The  growth 
energy  is  included  in  a,  and  A  is  a  parameter  containing  the  concen¬ 
tration  of  the  vapor  in  the  vicinity  of  the  surface  of  the  growing  par¬ 
ticle.  The  size  of  particles  obeyed  the  same  equation  as  in  the  case  of 
sealed  vials  when  powders  were  fired  for  4  hours  at  the  same  temper¬ 
atures  in  open  boats  without  flux  added.  Luminescence  intensities  in¬ 
crease  about  proportional  with  the  temperature  to  nearly  100  times  the 
values  at  850°C,  a  slight  decrease  seems  to  occur  at  the  highest  tem¬ 
perature  of  1200‘*C. 

Another  series  of  experiments  yielded  quite  unexpected  results, 
when  0.1  to  0.5  %  by  weight  of  zinc  chloride  was  added  to  the  zinc  sul¬ 
fide  powder  in  sealed  vials.  The  particle  size  vs.  temperature  plot 
shows  a  marked  peak  near  OTO^C  for  three  different  firing  times.  A 
final  explanation  for  this  observation  is  still  being  sought,  but  it  seems 
likely  there  are  2  implications:  a.  The  presence  of  lattice  chloride  has 
a  pronounced  influence  on  the  crystal  structure,  and  b.  The  rate  of  dif¬ 
fusion  of  chloride  into  the  zinc  sulfide  lattice  is  different  for  the  cubic 
and  hexagonal  form.  Another,  probably  closely  related  explanation  is 
the  coincidence  between  maximum  crystallograiriiic  disorder  and  the 
anomalous  particle  growth  in  the  very  same  temperature  region.  The 
crystal  structure  was  partially  hexagonal  for  powders  fired  at  850  and 
SOO^C  and  completely  hexagonal  for  those  fired  above  1050'’C;  the  large 
crystals  belonging  to  the  peak  at  970*’C  were  completely  cubic.  The 
latter  crystals  contained  also  5  times  less  chloride  than  the  small 
crystals  obtained  below  OOO^C  and  above  1050'*C.  This  result  may  sug¬ 
gest  the  simultaneous  presence  of  a  chloride-rejecting  growth  process 
and  diffusion. 

The  growth  equation  is  also  accurate  within  10%  for  the  particle 
size  data  published  by  Leverenz  (Luminescence  of  Solids,  Wiley  and 
Sons,  New  York,  1950,  p.  50)  for  zinc  sulfide  powder  with  2%  of  sodium 
chloride  added  and  fired  for  various  times  and  temperatures.  It  is 
supposed  that  in  Leverenz’  experiments  the  effective  flux  concentration 
does  not  change  during  the  firing  in  covered  crucibles,  because  the 
vapor  pressure  of  the  flxix,  and  accordingly  the  rate  of  evaporation,  is 
low  up  to  1200’’C.  The  value  of  a  in  the  formula  is  3  times  smaller  for 
Leverenz’  data  than  for  our  own  data  with  no  flux  added.  This  may 
indicate  a  lowering  of  the  growth  energy  by  the  presence  of  the  flux. 

If  time  and  temperature  are  held  constant  in  the  above  equation,  it 
might  be  possible  to  find  the  parameters  on  which  ‘a’  and  *A’  depend. 
Correlations  between  particle  size,  flux,  and  crystal  structure,  have 
been  obtained  by  firing  powders  with  0.007  gm  atoms  of  flux  per  mol 
of  zinc  sulfide  added  in  sealed  vials  at  850'*C  for  3  hours  as  shown  in 
the  accompanying  table. 
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Kind  of  flux 


Part. 

size  1  10  14  8  <1  1  <1  3  1  1.5 


Hex.; 

Cubic  1:9  0:10  0:10  0:10  2:8  2:8  3:7  0:10  1:9  1:9 


One  should  observe  that  these  experiments  yielded  hexagonal  struc¬ 
ture  only  with  very  small  particle  size.  The  crystal  habit  of  powders 
fired  with  sodium  halides  is  in  the  form  of  triangular  plates  compared 
to  the  si^ierical  polyhedra  observed  without  flux  and  with  ZnCl,  added. 
It  is  expected  that  the  vapor  pressure,  the  melting  point,  i.e.,  the  state 
of  aggregation  of  the  flux,  profoundly  influence  the  properties  under 
study. 
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THE  OXIDATION  OF  ZINC  SULFIDE  PRECIPITATES 
TO  ZINC  SULFATE 

Dominic  T.  Palumbo  and  Albert  K.  Levine 

Chemistry  Laboratory 
Sylvania  Electric  Products  Inc. 

Flushing,  N.  Y. 


INTRODUCTION 

The  effect  of  moisture  and  oxygen  on  precipitated  ZnS  is  an.  unre¬ 
solved  problem  in  the  chemistry  of  this  material.  The  sum  of  the  liter¬ 
ature  is  a  report  by  Babkin^  that  on  remaining  in  water  for  75  days  at 
room  temperature  about  3%  of  the  sulfide  is  converted  to  the  sulfate 
and  a  paper  by  Work  and  OdelP  who  report  that  7.5  %  of  ZnS  was  con¬ 
verted  to  ZnO  by  heating  in  the  presence  of  water  vapor  at  GOfPC. 

The  extent  to  which  the  following  reactions  occur; 

(1)  ZnS  +  HjO - -  ZnO  +  H,S 

(2)  ZnS  -I-  2O2  - -  ZnSOf 

under  normal  processing  of  precipitated  ZnS,  i.e.,  filtering  at  room 
temperaturb  and  drying  at  IKFC  are  of  interest.  Quantitative  data  of 
this  nature  would  be  useful  in  attempting  to  prepare  ZnS  phosphor  with 
the  minimum  possible  oxide  content. 

EXPERIMENTAL 

Samples  of  ZnS  were  prepared  from  ZnCl,  and  ZnS04  solutions  by 
precipitation  with  HjS.  After  precipitation,  the  samples  were  washed 
until  the  filtrate  was  free  of  sulfate  and  chloride,  and  then  dried  at 
110°C  for  24  hours. 

Drying  of  ZnS 

The  effect  of  drying  wet  ZnS  cakes  was  investigated  by  following  the 
change  in  weight  of  precipitates  and  of  fired  ZnS  samples  during  cyclic 
wetting  and  drying  at  110°C.  For  the  reaction  of  ZnS  with  H^O  to  form 
the  oxide  we  would  expect  a  decrease  in  weight  of  the  sample  of  1.6 
mg/gm  ZnS  for  each  1%  conversion.  For  the  formation  of  sulfate  an 
increase  of  6.5  mg/gmZnS/1%  conversion  is  expected.  With  precipi¬ 
tated  samples  the  fluctuations  in  weight  were  too  great  to  indicate  a 
trend.  For  fired  samples  the  weight  changes  were  small  indicating  no 
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appreciable  conversion  to  the  oxide  or  sulfate  takes  place. 
Oxidation  of  ZnS  to  ZnSO. 


In  investigating  the  removal  of  contaminating  SO4  ~  from  precipitated 
ZnS  by  digestion  in  HjO  it  was  found  that  the  sulfate  content  of  the  sys  - 
tern  increased.  No  attempt  was  made  to  exclude  air  during  the  diges¬ 
tion.  Samples  of  ZnS  refluxed  with  water  through  which  air  was  bubbled 
also  showed  increases  in  sulfate  content. 

To  determine  whether  air  (oxygen)  is  required  for  the  reaction 
samples  of  ZnS  free  of  SO4  ~  contamination  were  reflaxed  under  a  helium 
atmosphere.  The  helium  was  scrubbed  with  VSO4  solution  to  remove 
oxygen’  and  then  with  H,0  to  prevent  entrainment  of  VSQ4  into  the  re  - 
action  vessel.  Precautions  were  taken  to  insure  that  oxygen  did  not 
enter  elsewhere  in  the  experimental  procedure.  It  was  found  that  only 
0.008%  S04~**was  formed  after  138  hours  refluxing.  Where  air  was  in¬ 
troduced  in  the  system  0.11%  SO4  “  was  formed  after  96  hours  refluxing. 

As  a  measure  of  the  rate  of  sulfate  formation  as  a  function  of  tem¬ 
perature  duplicate  samples  of  ZnS  were  digested  at  25'’C  and  70°C  for 
280  hours.  In  the  case  of  samples  digested  at  room  temperature  the 
increase  in  sulfate  content  was  0.02%  compared  to  an  increase  of  0.10% 
at  70®C. 

To  measure  the  effect  of  surface  area  of  the  sample  on  the  rate  of 
sulfate  formation  a  precipitated  ZnS  and  a  fired  ZnS  were  digested  for 
times  up  to  400  hours  at  25°C  and  70®C.  After  400  hours  at  70®C  the 
precipitated  samples  showed  an  increase  in  sulfate  of  0.08%  while  the 
fired  samples  increased  by  0.012%  . 

DISCUSSION 

The  investigation  of  the  formation  of  sulfate  was  designed  to  deter¬ 
mine  the  effect  of  water,  air  (oxygen),  temperature  and  sample  surface 
area  on  the  rate  of  reaction.  The  data  show  (1)  that  little  if  any  sulfate 
is  formed  when  dry  zinc  sulfide  is  heated  in  air,  (2)  sulfate  formation 
increases  with  increased  temperature  and  surface  area  in  the  presence 
of  air  and  water,  (3)  when  zinc  sulfide  is  in  contact  with  water,  and  air 
is  excluded  from  the  system,  there  is  negligible  or  no  formation  of  sul¬ 
fate.  The  data  support  the  hypothesis  that  the  reaction  to  form  the  sul¬ 
fate  cannot  proceed  in  the  absence  of  O,  and  water.  The  requirement 
that  water  be  present  to  effect  conversion  implies  that  the  oxidation 
occurs  in  the  aqueous  phase  via  the  sulfide  ion. 


**0.003%  is  the  lower  limit  of  quantitative  determination  in  the 
gravimetric  method  employed. 
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LEAD  AND  MANGANESE  ACTIVATED  CADMIUM 
FLUOROPHOSPHATES 

R.  W.  Wollentin 

Westinghouse  Electric  Corporation 
Bloomfield,  N.  J. 


Previous  work  on  cadmium  phosiriiate  phosfrfiors  containing  fluorine 
by  McKeag|  McKeag  and  Ranby,**®  and  Prener*  describe  the  effects  of 
lead  and  fluorine  on  the  phosphorescence  of  cadmium  phosphate  acti¬ 
vated  by  manganese.  In  these  instances  the  concentrations  of  the  lead 
and  fluoride  were  of  a  low  order  of  magnitude.  Also  the  introduction  of 
sodium  fluoride  to  the  manganese  activated  cadmium  phosphate  is  men¬ 
tioned  as  producing  a  red  emitting  material  by  McKeag.^  Prener*  des¬ 
cribes  a  red  emitting  phosphor  of  manganese  activated  cadmium  phos¬ 
phate  containing  5  to  20%  zinc  fluoride. 

In  the  course  of  an  investigation  of  the  cadmium  phosphate  phosphors 
for  consideration  in  fluorescent  lamp  applications,  it  was  found  that  lead 
and  manganese,  in  proper  proportions,  will  activate  cadmium  phosphate 
containing  a  substantial  amount  of  fluorine  to  give  a  double -band  emis¬ 
sion,  with  both  peaks  in  the  visible  region,  under  2537A  ultra-violet 
excitation.  The  relative  heights  of  the  emission  peaks  are  dependent 
upon  the  concentration  of  activators. 

The  introduction  of  lead  alone  into  cadmium  fluorophosphate  produces 
a  small  but  measurable  blue  fluorescence  with  an  optimum  at  about  1  % 
lead  by  weight  of  cadmium  phosphate.  The  emission  is  peaked  at  about 
4600A  for  small  amounts  of  lead  and  about  4700A  for  larger  amounts. 
Manganese  alone  gives  a  fairly  strong  emission  peaked  at  6000A  and  a 
slight  secondary  peak  about  4000A.  The  4000A  peak  is  probably  trace¬ 
able  to  a  small  amount  of  lead  present  as  an  impurity  in  the  raw  mate¬ 
rials.  Combinations  of  lead  and  manganese  produce  spectral  emission 
curves  displaying  two  peaks  in  all  instances  and  differing  only  in  the 
relative  heights  of  one  peak  to  the  other.  The  lower  wavelength  peak  at 
about  4600A  is  suppressed  by  increasing  proportions  of  both  manganese 
and  lead  to  give  predominantly  the  characteristic  manganese  emission 
at  about  5900A.  The  longer  wavelength  peak  is  affected  by  the  presence 
of  foreign  ions  added  in  appreciable  quantities  to  the  base  material  as 
fluorides.  For  example,  magnesium,  zinc,  sodium,  and  potassium 
fluorides  cause  a  shift  of  the  longer  wavelength  peak  towards  the  red. 
For  potassium  and  sodium  the  maximum  shift  is  about  300A,  for  zinc 
about  250A,  and  for  magnesium  about  lOOA.  Calcium,  barium,  alumi¬ 
num,  and  strontium  do  not  influence  the  emission  spectrum. 

The  effect  of  activator  concentration  on  the  spectral  emission  of  the 
sodium  fluoride  modification  differs  from  that  of  the  pure  cadmium 
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fluorophosphate  in  that  the  blue  emission  is  less  prominent  except  when 
the  sodium  fluoride  is  below  two  moles  per  three  moles  of  cadmium 
phosphate.  Also  the  longer  wavelength  peak  becomes  sensitive  to  the 
manganese  concentration  in  that  there  is  a  shift  towards  the  red  on 
increasing  manganese. 

The  emission  spectra  of  the  cadmium  fluorophosphates  are  influenced 
by  temperature.  At  -196°C  the  yellow  or  red  manganese  emission  is 
greatly  suppressed.  At  temperatures  of  50°C  or  higher  the  emission 
becomes  more  yellow  as  the  blue  enaission  is  suppressed.  The  phos¬ 
phorescence  is  yellow  in  all  instances  and  at  all  temperatures  of 
observation. 

The  relative  brightness  of  these  phosphors  is  dependent  upon  the 
activator  concentrations  and  presence  of  foreign  ions.  Representing 
the  basic  formula  as  CdjCPO^  ),*CdF2:Mn,Pb,  the  optimum  concentrations 
are  0.695  percent  manganese  and  almut  6.0  percent  lead  based  upon  the 
weight  of  CdgCPOf ),.  The  lead  concentration  is  not  critical  and  may  be 
varied  from  two  to  ten  percent  without  influencing  the  brightness 
greatly.  In  the  sodium  modification,  which  may  be  represented  as 
3Cd,(P04)2‘4NaF:Mn,Pb,  the  optimum  concentrations  are  about  4.0  per¬ 
cent  manganese  and  4.0  percent  lead.  In  this  case  the  brightness  is 
more  sensitive  to  the  lead  concentration  than  before.  The  brightest 
phosphor  is  the  yellow  emitting  cadmium  fluorophosphate.  The  red 
emitting  sodium  modification  has  about  the  same  brightness  as  a  well 
prepared  cadmium  borate  and  just  slightly  less  than  calcium  silicate, 
lead  and  manganese  activated. 

Structure  studies  of  these  materials  by  means  of  x-ray  diffraction 
indicate  a  number  of  complex  structures.  The  patterns  contain  more 
than  forty  lines,  in  some  instances,  that  vary  in  order  of  intensities  and 
line  positions  from  sample  to  sample.  In  general  the  samples  may  be 
classified  into  four  groups,  one  of  which  agrees  with  the  apatite  struc¬ 
ture  reported  by  Rooksby  and  McKeag.*  Another  of  these  groups  is 
quite  similar  with  respect  to  line  positions  but  differs  notably  in  line 
intensities.  The  third  group  differs  in  both  line  positions  and  intensi¬ 
ties  from  an  apatite  pattern  and  the  fourth  group  consists  of  a  number 
of  completely  different  patterns,  that  may  better  be  termed  miscella¬ 
neous.  Positive  identification  of  most  of  the  patterns  is  complicated  by 
the  lack  of  published  data  and  standard  x-ray  patterns  on  cadmium 
phosphate  compounds.  The  materials  showing  a  definite  apatite  struc¬ 
ture  consists  of  those  in  which  each  of  the  following  were  reacted  with 
three  moles  of  cadmium  orthophosphate:  2.5  moles  of  cadmium  fluo¬ 
ride,  2.0  moles  of  aluminum  fluoride,  and  1.5  moles  of  barium  fluoride. 
Higher  amounts  of  cadmium  and  aluminum  fluorides  gave  similar  line 
positions  but  different  orders  of  intensities.  Oddly  enough,  both  higher 
and  lower  amounts  of  barium  fluoride  produced  completely  different 
patterns  as  did  also  sodiiun  and  potassium  fluorides. 
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CALCIUM  HALOPHOSPHATE  PHOSPHORS 
II  OPTICAL  PROPERTIES  OF  THE  PARTICLE  SURFACE 
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In  most  discussions  of  phosi^or  behaviour  an  implicit  assumption  is 
made,  namely,  that  the  [riiosphor  particles  are  homogeneous  and  uni¬ 
formly  fluorescent  throughout.  In  the  case  of  halofriiosphate  phosphors 
particularly  it  is  quite  probable  that  the  surface  of  the  (^osphor  crystal 
may  be  quite  different  from  the  body  of  the  particle.  Two  characteris¬ 
tics  contribute  to  this;  first  is  the  ready  loss  of  chloride  and  antimony 
during  firing  which  would  tend  to  give  a  surface  layer  different  in  com¬ 
position  from  that  within  the  crystal;  the  second  is  the  ready  oxidation 
of  manganese  present  in  solid  solution  in  the  lattice  near  the  surface. 

When  the  halophosphate  phosphors  contain  manganese,  oxidation 
tends  to  give  a  pink  discoloration  due  to  Mn  ion  in  the  lattice  with  a 
valence  above  2,  while  deviation  from  the  normal  chloride  content  tends 
to  give  a  grey  discoloration  due  to  separation  of  a  free  manganese 
oxide.  Complete  loss  of  antimony  will  of  course  give  non-fluorescent 
material. 

The  ready  solubility  of  the  halophosi^ates  in  dilute  mineral  acids 
makes  it  possible  to  investigate  readily  the  properties  of  the  surface  of 
the  phosphor  crystals  by  observing  the  changes  in  the  optical  properties 
of  the  powder  resulting  from  treatment  with  acids. 

The  brightness  of  fluorescence  with  excitation  by  2537  radiation,  and 
the  reflectance  spectrum  between  2500  and  4000A  have  been  found  to  be 
rather  sensitive  indicators  of  the  condition  of  the  phosphor  surface. 
Removal  by  acid  treatment  of  the  surface  layer  formed  in  firing  gives 
some  increase  in  brightness  of  fluorescence  when  small  amounts  of 
manganese  are  present  and  this  increase  in  brightness  is  more  marked 
as  the  manganese  content  increases.  The  reflectance  is  also  improved 
by  the  acid  treatment  indicating  the  presence  of  some  absorbing  mate¬ 
rial  in  the  surface  layer. 

A  very  mild  acid  treatment  is  sufficient  to  remove  this  absorbing 
layer  of  phosphors  with  low  manganese  content  while  a  more  severe 
treatment  is  needed  for  complete  removal  of  the  layer  when  the  man¬ 
ganese  content  is  high. 

In  addition  to  these  effects  both  the  emission  and  the  excitation 
spectra  are  somewhat  affected  by  the  removal  of  the  surface  layer  indi¬ 
cating  that  the  composition  of  the  surface  is  different  from  that  of  the 
body  of  the  crystal.  Other  evidence,  such  as  reflectance  in  the  visible. 
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suggests  that  partial  oxidation  of  the  manganese  may  also  take  place. 

While  changes  in  phosphor  behaviour  can  be  observed  directly  on  the 
powder  there  are  also  changes  in  the  performance  of  lamps  made  with 
acid  treated  phosphors.  As  would  be  expected,  the  initial  LPW  is  in¬ 
creased  by  the  use  of  acid  treated  phosphor,  but  it  is  rather  unexpected 
to  find  also  that  the  lumen  maintenance  during  burning  of  the  lamps  is 
ajqpreciably  improved. 
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A  NEW  BLUE -EMITTING  PHOSPHOR  WITH  MANGANESE 
ACTIVATOR 

Edward  L.  Lind 


Radio  Corporation  of  America 
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Princeton,  N.  J. 


Manganese  is  unique  in  functioning  as  an  almost  universal  activator 
providing  efficient  phosphors.  In  addition  manganese  has  a  long-lived 
excited  state  and  gives  some  of  the  longest  exponential  decays  -known. 

The  emission  of  phosphors  with  manganese  activator  is  known  to  vary 
from  the  green-blue  to  the  infrared.  Krbger*  has  called  attention  to 
the  lack  of  a  blue -emitting  phosphor  with  manganese  activator.  The 
shortest  peak  wavelengths  previously  described  for  efficient  manganese 
activated  materials  are  5060A^  for  ZnGa^Of  :Mn,  an  oxygen  dominated 
system,  and  4950A’  for  CaFgrMn,  a  fluorine  dominated  material.  A 
recent  paper*  reporting  research  on  fluorides  with  manganese  activator 
describes  the  properties  of  a  number  of  materials  in  which  a  blue  emis¬ 
sion  was  sought  but  not  found. 

Smith*  and  Klasens,  et  alt  have  extended  the  Linwood-Weyl®  corre¬ 
lation  between  the  color  of  manganese  emission  and  the  structure  of  the 
host  crystal  to  include  the  size  of  the  host  crystal  cation  and  cation- 
anion  distances.  From  these  correlations,  a  blue-emitting  phosphor 
with  manganese  activator  might  be  expected  from  a  fluoride  having  a 
coordination  number  of  eight  and  a  cation  size  larger  than  that  found  in 
CaFj.  However,  incorporation  of  SrFj  in  CaFjrMn  to  expand  the  CaF, 
lattice  results  in  a  shift  of  the  emission  band  toward  longer  wavelengths* 

Since  an  expansion  of  the  lattice  of  CaF^rMn  causes  a  shift  to  longer' 
wavelengths,  a  means  of  contraction  was  sought  in  the  hope  of  obtaining 
a  shift  to  shorter  wavelengths.  Because  beryllium  is  a  smaller  cation 
than  calcium,  the  system  CaF^-BeF,  was  investigated  with  manganese 
activator,  and  CaBeF*  :Mn  synthesized.  The  cathodo-luminescence  of 
CaBeF^  :Mn  was  found  to  be  a  blue  emission  band  with  a  peak  wavelength 
of  4750A. 

An  investigation  of  the  properties  of  CaBeF4  :Mn  shows  definitely  that 
the  blue  emission  of  this  material  is  to  be  attributed  to  the  manganese 
activator.  The  decay  of  luminescence  is  exponential  with  the  long  decay 
time  (60  to  70  milliseconds)  expected  for  a  manganese  activated  fluo¬ 
ride.  The  host  crystal  emission  of  pure  CaBeF^  is  sufficiently  different 
from  that  of  the  same  material  with  manganese  activator  to  demonstrate 

’^This  result  is  independent  confirmation  of  that  found  by  Klasens, 
et.  al.,  (4). 
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that  manganese  acts  here  as  an  originative  activator.  The  optimum 
manganese  proportion  was  found  to  be  0.006  mole  of  mang:anese  per 
mole  of  CaBeF^ ,  which  is  typical  of  the  optimum  proportion  required 
for  other  manganese  activated  phosphors.  For  this  proportion,  the 
peak  efficiency  of  cathodoluminescence  is  25%  that  of  Zn^SiO^rMn 
(RCA  33-W-2A). 

X-ray  analysis  of  CaBeF^  by  J.  A.  Amick''  has  shown  that  four  of 
the  eight  nearest  fluorine  atoms  surrounding  the  calcium  (and  mangan¬ 
ese  in  CaBeF^  :Mn)  are  closer  than  in  CaF,.  Thus,  in  CaFj,  (Ca-Sr)F2 
and  CaBeF^  phosphors  with  manganese  activator  the  emission  band 
shifts  to  shorter  wavelengths  as  the  cation-fluorine  distance  in  these 
materials  decreases. 
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MAGNESIUM  FLUOSIUCATE  PHOSPHORS 

P.  W.  Ranby  and  S.  T.  Henderson 

Thorn  Electrical  Industries,  Limited 
London,  England 


It  is  generally  characteristic  of  titanium -activated  phosphors  which 
are  excited  by  short  wave  ultra-violet  radiation,  that  the  optimum  con¬ 
centration  of  titanium  must  be  high,  usually  of  the  order  of  several 
molar  percent  of'the  matrix,  and  similarly  the  efficiency  of  the  lumi¬ 
nescence  is  reduced,  but  without  appreciable  change  in  colour,  when 
manganese  is  incorporated  in  the  phosphor.  This  is  in  contrast  to  the 
behaviour  of  the  magnesium  fluosilicate  phosphors  described  in  this 
paper,  in  which  the  optimum  concentration  of  titanium  activator  is  low, 
and  the  incorporation  of  increasing  proportions  of  manganese  shifts  the 
colour  of  the  luminescence  from  greenish  yellow  through  intermediate 
colours  to  orange  pink.  These  phosphors  are  strongly  excited  by  ultra¬ 
violet  of  wavelength  2537A  and  the  intensity  of  luminescence  decreases 
only  slowly  with  rise  in  temperature  above  room  temperature. 

Magnesium  fluosilicates  are  prepared  from  mixtures  containing  mag' 
nesium,  silicon  and  titanium  oxides  with  fluoride  additions,  using  nor¬ 
mal  techniques  of  phosphor  chemistry;  they  require  no  elaborate  atmos¬ 
phere  control  during  the  preparation.  Some  aspects  of  the  preparation 
and  the  effects  of  impurities  are  described.  These  phosphors  are  stable 
to  the  various  processes  involved  in  the  manufacture  of  fluorescent 
lamps  and  to  the  conditions  within  such  a  discharge  tube.  Initial  effi¬ 
ciencies  in  a  48T12  40  watt  lamp  of  nearly  60  lumens  per  watt,  with 
good  maintenance  throughout  life,  have  been  obtained  from  fluosilicates 
activated  by  titanium  alone.  The  chromatic ity  locus  of  a  series  of 
lamps  made  from  phosphors  with  increasing  concentrations  of  manga¬ 
nese  crosses  the  black  body  locus  at  about  4000°K.  The  high  proportion 
of  red  in  the  emission  spectrum  of  these  phosphors  makes  them  of  in¬ 
terest  in  the  manufacture  of  lamps  with  improved  colour  rendering 
properties.  As  an  example,  lamps  of  4500°K  colour  with  good  red 
emission  can  be  obtained  from  mixtures  of  fluosilicates  with  barium 
titanium  phosphate  and  calcium  silicate  (Pb,Mn);  the  properties  of  this 
lamp  are  compared  with  those  of  a  conventional  Cool  White  de  luxe. 

X-ray  examination  of  the  magnesium  fluosilicatf:  phosphors  shows 
the  existence  of  a  new  phase  different  from  previously  reported  mag¬ 
nesium  silicate  structures.  Some  magnesium  silicate  phosphors  which 
are  prepared  in  the  presence  of  magnesium  fluoride  and  contain  high 
concentrations  of  titanium  have  been  described  by  Anderson  and  Wells 
(British  Patent  74057,  2Sth  August,  1954).  These  latter  materials 
fluoresce  greenish  yellow  when  excited  by  ultra-violet  and  the  colour 
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of  the  luminescence  excited  by  cathode  rays  is  moved  towards  the  red 
if  manganese  is  present  in  addition  to  titanium.  However,  X-ray  exam¬ 
ination  of  samples  prepared  according  to  the  examples  given  by  Ander¬ 
son  and  Wells  shows  that  these  have  a  crystal  structure  very  similar  to 
magnesium  orthosilicate  and,  therefore,  are  different  from  the  mag¬ 
nesium  fluosilicates. 

Spectral  energy  distribution  measurements  on  magnesium  fluosili¬ 
cates  excited  by  2537A  radiation  show  a  number  of  unusual  features. 

For  example,  the  emission  from  a  material  activated  by  titanium  alone 
consists  of  a  wide  symmetrical  band  with  a  peak  at  about  17700  cm~*, 
but  this  peak  shows  signs  of  two  closely  spaced  maxima.  Two  distinct 
peaks  appear  with  increasing  amounts  of  manganese  activator  in  the 
phosphor.  Analysis  of  the  emission  attributed  to  manganese  shows  that 
it  consists  of  a  number  of  bands  in  which  the  frequency  separation  of 
the  two  main  ones  is  close  to  that  found  for  manganese  bands  in  other 
doubly  activated  phosphors.  On  the  other  hand,  the  peak  of  the  main 
manganese  band  (at  16400  cm~*)  aj^ars  to  be  much  closer  to  the  peak 
of  the  titanium  band  than  would  be  expected  by  analogy  with  other  se.isi- 
tized  phosphor  systems.  Otherwise  the  general  behaviour  of  these 
materials  is  in  keeping  with  a  sensitization  process. 

It  is  suggested  that  in  general  the  separation  of  the  primary  and 
secondary  activator  peaks  has  a  direct  bearing  on  the  luminous  effi¬ 
ciency  of  sensitized  phosphor  systems,  according  to  whether  there  is 
overlapping  of  the  two  emission  bands  or  not.  That  is,  there  may  be  an 
optimum  spacing  of  the  two  bands  in  terms  of  luminous  output,  and  cal¬ 
culations  indicate  that  it  may  possibly  have  been  reached  in  certain 
phosphor  systems. 
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PRELIMINARY  STUDIES  OF  THE  PEROWSKITE-TYPE 
TERNARY  OXIDES  AS  LUMINPHORS 

Salvador  Terol*  and  Roland  Ward 
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University  of  Connecticut 


The  properties  of  lanthanum  aluminum  oxide  as  a  phosphor  base 
material  have  been  studied.  The  purest  available  lanthanum  oxide 
samples  gave  products  which  were  weakly  cathodoluminescent  due  to 
the  pressure  of  praeseodymium  or  samarium  as  impurities.  The  rare 
earth  ions  Pr"*^*,  Sm+*  or  Eu+*  were  the  only  activators  which  were 
fouind  to  be  effective.  Emission  spectra  of  these  phosphors  are  given. 
Other  usual  activators  were  found  to  be  ineffective.  The  presence  of 
rare  earth  impurities  causes  a  pronounced  body  color  to  develop  in  the 
lanthanum  aluminum  oxide  when  the  samples  are  ignited  in  air.  This 
proves  to  be  a  more  sensitive  means  of  detection  of  impurities  than 
spectrographic  analyses. 


♦Present  address:  Optical  Institute  and  Naval  Research  Laboratory, 
Madrid,  Spain. 
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TWO  ARSENATE  PHOSPHORS  AND  THE  SIGNIHCANCE 
OF  THEIR  EMISSION 

Gorton  R.  Fonda* 


Arsenates  and  haloarsenates  have  been  investigated  as  possible 
sources  of  luminescence  because  of  their  similarity  in  structure  to  the 
corresponding  phosphate  phosphors.*  Two  active  compounds  were 
found,  zinc  arsenate  activated  with  manganese  and  calciiun  fluorarse- 
nate  activated  with  antimony  and  manganese.  Their  spectral  emission 
was  at  longer  wavelengths  than  exhibited  by  the  corresponding  phos¬ 
phates.  No  fluorescence  to  speak  of  could  be  obtained  with  the  arse¬ 
nates  of  calcium,  magnesium,  and  cadmium. 

Zinc  arsenate  responded  to  activation  by  both  manganese  and  lead  to 
emit  fluorescence  of  moderate  intensity,  lying  in  the  orange  and  whitish 
blue  respectively.  It  was  prepared  by  firing  an  activated  mixture  of 
zinc  oxide  and  arsenic  pentoxide  at  700-1000°C,  preferably  in  an  atmos¬ 
phere  of  nitrogen.  The  concentration  of  manganese  was  0.5%  by 
weight.  Its  fluorescence  was  reduced  when  lead  was  present  as  well. 

Its  peak  emission  at  25°C  is  at  6550A,  compared  with  6380A  for  the 
phosphate;*  at  80°K  it  is  displaced  to  6720A.  Under  excitation  by  2537A, 
its  quantum  output  at  25°C  is  about  10%  of  that  of  magnesium  tungstate. 
When  it  was  prepared  with  2%  PbO,  it  emitted  a  broad  band  at  25°C 
with  a  peak  at  4500A  but  extending  so  strongly  into  higher  wavelengths 
that  its  fluorescence  was  a  blueish  white.  Reduction  in  temperature  to 
80°K  served  likewise  to  shift  its  peak  emission  to  longer  wavelength, 
470oA.  At  25°C  its  quantum  output  was  somewhat  higher  than  that  of 
the  manganese  activated  phosphor. 

Among  the  haloarsenates,  calcium  fluorarsenate  was  the  only  com¬ 
pound  found  to  show  a  notable  response  to  excitation.  It  was  prepared 
from  a  mixture  of  9  moles  calcium  oxide,  3  moles  arsenic  pentoxide, 
and  1  mole  calcium  fluoride.  Weak  fluorescence  was  obtained  by  acti¬ 
vation  with  bismuth,  cerium,  lead,  tin,  and  thallium.  The  brightest 
phosphors  were  those  activated  with  antimony  or  manganese  or  both, 
fired  at  1150°C.  With  antimony  alone  the  fluorescence  was  a  greenish 
yellow  with  a  peak  at  5000A,  compared  with  4800A  for  the  fluorphos- 
phate.*  Its  brightness  was  a  maximum  within  the  range  of  0.5-4 .0%  Sb, 
added  to  the  mixture  before  firing.  Its  quantum  output  under  excitation 
by  2537A  was  15%  of  that  of  magnesium  tungstate.  With  an  81%  absorp¬ 
tion  of  2537A,  its  quantum  efficiency  was  19%  of  magnesium  tungstate. 
With  manganese  alone,  there  was  a  weak  red  emission.  Its  intensity 
was  greatly  increased  on  addition  of  antimony,  denoting  that  the  latter 
has  a  sensitizing  action.  The  peak  of  the  manganese  emission  was  at 

*Consultant  to  the  General  Electric  Co. 
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620oX,  compared  with  5680X  for  the  fluorphosphate.'  With  1%  Mn  its 
brightness  remained  at  a  maximum  over  the  range  of  0. 5-2.0%  Sb. 
Despite  the  content  of  appreciable  antimony,  the  antimony  band  was 
almost  completely  suppressed  by  the  manganese.  Under  excitation  by 
2537A,  its  quantum  output  was  27%  of  that  of  magnesium  tungstate. 

With  an  84%  absorption  of  2537A,  its  quantum  efficiency  became  about 
30%  of  magnesium  tungstate.  X-ray  diffraction  patterns  showed  the 
fluorarsenates  to  be  of  apatite  structure  with  a  somewhat  larger  unit 
cell  than  characterizes  the  fluorphospliate. 

The  explanation  for  the  shifts  in  emission  seems  to  lie  in  the  changes 
in  field  strength  to  which  activator  ions  are  subjected  by  their  environ¬ 
ment.  Such  a  relation  has  been  found  by  Klasens,  Zalm  and  Huysman 
for  manganese  activated  double  fluorides.*  An  increase  in  spacing  be¬ 
tween  manganese  and  fluorine  ions  was  accompanied  by  a  shift  of  the 
peak  emission  to  longer  wavelengths.  As  the  authors  phrase  it,  *the 
greater  the  space  available  for  the  manganese  ion,  the  more  the  state 
of  the  free  ion  will  be  approached,  hence  the  shift  to  shorter  wave¬ 
length.” 

When  an  activator  ion  is  in  the  field  of  the  crystal  Isittlce,  the  dis¬ 
tances  between  its  energy  levels  are  smaller  than  for  a  free  ion.  The 
outer  excitation  orbits  are  under  the  repulsive  force  exerted  by  the 
field  of  the  adjacent  anions  and  their  energy  levels  are  correspondingly 
depressed.  The  extent  depends  upon  the  field  exercised  by  the  anions 
and  this,  in  turn,  upon  their  proximity.  The  shorter  the  spacing,  the 
greater  is  the  resulting  crowding;  hence,  the  shift  in  emission  to  longer 
wavelength.  This  view  is  of  general  aH>lication  to  phosi^ors  of  related 
composition.  Although  quantitative  data  are  lacking  for  most  phosphors, 
yet  the  direction  in  which  the  change  in  spacing  occurs  can  frequently 
be  perceived  from  related  characteristics,  such  as  the  relative  ionic 
sizes  of  the  cations  in  a  series  of  related  compounds,  or  from  the  rela¬ 
tive  spacings  of  cations  and  anions  in  their  oxides. 

Greater  crowding  between  an  activator  ion  and  the  anions  with  which 
it  is  coordinated  can  be  produced  in  the  following  three  ways:- 

1)  Increasing  the  size  of  the  cation  of  the  compound.  The  manganese 
activated  silicate  phosphors  furnish  an  illustration.  The  oxides  of  zinc, 
calcium,  cadmium,  and  magnesium  have  a  decreasing  spacing  between 
cation  and  oxygen  in  the  order  named  and  it  is  presumable  that  the 
same  relation  should  persist  in  the  silicates.  Inasmuch  as  manganese 
substitutes  for  the  cation,  the  spacing  of  manganese  and  oxygen  should 
change  in  the  same  order  and  consequently  the  emission  should  be 
shifted  to  longer  wavelengths,  as  is  in  fact  observed.  Even  partial  sub¬ 
stitution  in  zinc  silicate  of  a  foreign  cation  of  smaller  ionic  size,  such 
as  beryllium,  lithium,  or  barium,  has  the  same  effect  on  the  emission 
by  producing  a  secondary  band  of  longer  wavelength;  the  greater  crowd¬ 
ing  which  produces  it  occurs  wherever  a  Mn  ion  is  adjacent  to  the  small 
foreign  cation. 

2)  Increasing  the  size  of  the  anion.  The  alkaline  metal  halides  acti¬ 
vated  with  thallium  furnish  one  example.  Another  is  given  by  the 


calcium  halophosphates;  a  change  in  halcwen  from  fluorine  to  chlorine 


3)  Increasing  the  size  of  the  cation  serving  as  kernel  of  an  oxygen 
tetrahedral  group.  This  case  includes  the  arsenate  and  phosphate  phos¬ 
phors.  It  is  illustrated  also  by  the  silicate  and  germinate  of  zinc,  man¬ 
ganese  activated.  In  the  latter  pair,  the  shift  in  emission,  from  5250X 
to  537oX  is  produced  by  the  substitution  of  the  larger  acid -forming 
cation,  germanium.  This  is  the  same  relation  found  for  zinc  arsenate 
and  calcium  fluorarsenate  whose  emission  is  shifted  to  longer  wave¬ 
lengths  than  in  the  corresponding  phosphates,  again  by  substitution  of  a 
larger  acid-forming  cation,  arsenic.  Because  of  this  enlarging  of  the 
tetrahedral  group,  there  is  a  closer  crowding  of  oxygen  ions  about  the 
activator  ions,  with  the  resulting  shift  in  emission. 
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INTRODUCTION 

Many  investigators^^*  have  reported  on  the  luminescence  of 

manganese-activated  cadmium  borate  compositions,  but  very  little 
documented  information  has  accumulated  on  the  number  of  compounds 
which  exist  in  the  system  CdO-B^O,.  Likewise,  the  phase  diagram 
(Figure  1)  of  Mazetti  and  deCarli^^'^appears  to  be  incomplete  in  view 


^0  30  40  90  40  fO 


-^CdO  MOLE 

Fig.  1— System  CdO-BgO,  (after  C.  Mazetti  and  F.  de- 
Carli,  see  footnoti|^  1 ). 

of  more  recent  work  on  binary  borate  systems  such  as  CaO-B^O,, 
ZnO-BgO,,  BaO-BjOj,  etc.  The  present  work  was  undertaken  to  clarify 
the  phase  relationships  ir.  the  system  and  to  provide  a  substantial  back¬ 
ground  for  further  work  on  the  luminescent  behavior  of  the  cadmium 
borates. 


EXPERIMENTAL 


The  chemically  pure  materials  boric  acid,  cadmium  carbonate  and 
manganous  carbonate  were  used  for  all  preparations.  Ten  gram 
batches  were  mixed  with  ethyl  alcohol,  dried  at  IK/’C  and  melted  to 
glasses  for  use  in  quench  work  when  possible.  Only  those  compositions 
containing  50-60  mole  per  cent  B,0,  would  melt  to  a  homogeneous  glass. 
Compositions  richer  in  8,0,  than  60  mole  per  cent  developed  immis¬ 
cible  liquids.  Mixtures  richer  in  CdO  than  the  1:1  ratio  would  cry¬ 
stallize  very  rapidly  from  the  fused  condition  and  in  this  portion  of  the 
system  differential  thermal  analysis,  thermal  expansion,  and  hi^ 
temperature  X-ray  data  were  used  to  determine  ttie  phase  relationships. 

Table  I  shows  the  analyzed  compositions  which  were  investigated 
and  the  refractive  indices  of  those  compositions  which  could  be  obtained 
as  glasses.  Several  supplemental  compositions  were  prepared  during 
the  course  of  the  work,  but  they  were  not  analyzed.  The  molecular 
compositions  2:3,  3:2,  2:1  and  3:1  are  included  in  the  table  as  refer¬ 
ence  points. 


Table  I 


Analyzed  Compositions  and  Refractive  Indices  of  Glasses 


No. 

%B,0, 

Refractive  Index  of  Glass 
(+.003) 

1 

46.09 

1.670 

2Cd0.3Bj0, 

44.86 

— 

2 

44.13 

1.676 

3 

43.73 

1.677 

4 

37.82 

1.715 

5 

34.93 

1.726 

6 

33.34 

1.736 

7 

29.15 

1.765 

8 

27.32 

— 

3Cd0.2Bja, 

26.55 

— 

9 

26.38 

— 

10 

22.49 

... 

11 

21.44 

... 

2CdO.B,0, 

21.33 

... 

12 

20.16 

— 

13 

19.00 

... 

3CdO.B,0, 

15.31 

— 

RESULTS 

A.  The  Immiscible  Liquid  Region 

A  very  extensive  region  of  immiscible  liquids  was  established 
ranging  from  practically  100%B2O,  to  46.4%B20„  in  agreement  with 
that  found  in  other  RO-B,Oj  systems  such  as  MgO-,  CaO-,  ZnO-  and 
BaO-B,0,.  No  compounds  exist  under  the  immiscibility  gap.  The  only 
crystalline  phase  vdiich  appears  in  this  region  below  Q^O^C  is  the  2:3 
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compound  udiose  composition  lies  just  outside  the  two  liquid  area. 

Only  the  2:3  phase  is  observed  in  compositions  which  contain  more 
than  46.4%B,0,  since  any  free  B,0,  which  is  present  will  probably  re¬ 
main  as  a  glassy  film,  undectectable  by  X-rays  and  difficult  to  detect 
under  the  microscope. 

B.  The  Region  Between  the  Compounds  3:2  and  2:3 

The  two  compounds  melt  congruently,  the  3:2  a  little  above  lOOO^C 
and  the  2:3  (44.86%B,0,)  a  little  below  KXXy’C.  They  form  a  simple 
eutectic  system,  with  the  eutectic  located  at  900'’C  and  36  weight  per 
cent  B,0,.  The  2:3  compound  has  a  high  birefringence,  with  the  mini¬ 
mum  index  of  refraction  1.617,  and  the  maximum  1.630.  A  few  of  the 
crystals  develop  sharp  hexagonal  outlines.  The  3:2  crystals  are  elon¬ 
gated,  with  high  birefringence,  n^_>1.790  and  nQ,j„  =  1.745.  X-ray 
diffraction  data  for  these  compounds  are  given  in  Table  n. 

C.  The  Cadmium-Rich  Region 

The  part  of  the  system  ranging  from  the  3:2  compound  (26.'55%B20,) 
toward  the  CdO  composition  comprised  the  most  difficult  portion  of  the 
phase  equilibrium  work,  since  no  compositions  could  be  quenched  to  a 
glass,  even  in  100  milligram  quantities.  It  was  necessary  to  rely  mainly 
on  D.T.A.  data,  supported  by  scnne  high  temperature  X-ray  and  dilato- 
metric  data,  the  latter  being  used  only  asavery  indirect  means  of  exam¬ 
ination.  Volatility  problems  become  very  severe  in  compositions  con¬ 
taining  more  CdO  than  the  2:1  molecular  ratio. 

The  2:1  compound  apparently  melts  incongruently  at  892°C  to  the  3:2 
compound  and  a  cadmium-rich  liquid.  A  eutectic  between  the  2:1  and 
3:1  compound  forms  at  834'*C  and  17.6  wei^t  per  cent  BjO,.  The  3:1 
compound  melts  congruently  slightly  above  1020‘*C. 

The  3:1  compound  exists  in  at  least  two  polymori^iic  forms,  a  rever¬ 
sible  inversion  occurring  at  87(/’C.  The  high  temperature  form  on 
cooling  from  fusion  reverts  to  the  low  temperature  form  with  a  very 
large  change  in  volume,  causing  the  sample  to  fall  to  dust,  reminiscent 
of  the  well-known  fiXo  y  ‘dusting”  of  dicalcium  silicate,  one  of  the 
constituents  of  cement  clinker.  The  X-ray  patterns  of  the  2:1  com¬ 
pound  and  both  forms  of  the  3:1  compound  are  given  in  Table  II.  The 
phase  diagram  for  the  entire  system  is  shown  in  Figure  2,  including 
the  large  region  of  immiscible  liquids.  In  Figure  3,  the  two-liquid  area 
is  omitted  and  the  diagram  is  enlarged  to  show  the  region  of  greatest 
interest  with  respect  to  phosphors,  that  lying  between  the  2:3  and  3:1 
molecular  ratios. 

D.  The  Solid>ility  of  MnO  in  the  2:1,  3:2  and  2:3  Compounds 

Since  MnO  is  the  most  commonly  used  activator  in  cadmium  borate 
compositions,  a  study  of  the  solid  solubility  oi  the  oxide  was  made  using 
the  three  compounds  of  interest  in  the  luminescent  field.  Petrographic 
and  X-ray  studies  were  made  on  compositions  which  were  fused  and 
others  which  were  reacted  below  the  temperature  of  liquid  formation. 

It  is  estimated  that  about  0.5%  MnO  may  be  soluble  in  the  2:1  compound, 
IX  MnO  in  the  3:2  compound  and  10%  MnO  in  the  2:3  compound. 
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X-ray  Data  on  Cadmium  Borates 
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LUMINESCENT  SCREENS  MADE  BY  VAPOR  REACTION 

D.  A.  Cusano  and  F.  J.  Studer 

General  Electric  Research  Laboratory 
Schenectady,  New  York 


INTRODUCTION 

A  luminescent  screen  ccxisisting  of  a  continuous  coating  of  trans¬ 
parent  material  has  the  advantage  over  a  conventional  screen  of  settled 
powder  phosphor,  that  it  is  free  from  scattered  light.  In  a  powder 
screen  it  is  not  possible  to  avoid  the  diffuse  scattering  either  of  any 
light  that  is  incident  on  it  from  outside,  or  of  that  which  originates  in 
the  phosphor  layer  itself.  Consequently,  in  a  cathode-ray  tube  such  as 
is  used  in  an  oscilloscope  or  a  television  picture  tube,  there  is  always 
a  background  illumination  due  either  to  the  ambient  light  or  to  light  from 
the  luminescing  area  of  the  screen  itself,  which  is  diffused  from  grain 
to  grain.  This  scattered  light  obviously  puts  a  limitation  on  the  con¬ 
trast  and  resolution  that  can  be  attained  in  a  cathode- ray  tube  presen¬ 
tation.  The  behavior  of  a  powder  screen  is  illustrated  in  a  general  way 
in  Fig.  1.  Fig.  2  gives  an  actual  photograph  of  a  linear  cathode-ray 
trace  on  a  powder  screen  in  room  lig^t  and  in  the  dark. 

The  desirability  of  a  non -scattering  CRT  screen  has  attracted  con¬ 
siderable  effort  in  attempts  to  produce  one.  The  obvious  approach  - 
that  of  vacuum  evaporation  of  luminescent  materials  with  condensation 
of  a  clear  layer  on  the  face-plate  -  has  not  proved  fruitfuL  In  general, 
though  the  process  may  result  in  a  very  good  transparent  screen  of  the 
base  material  of  the  phosphor,  the  activator  is  almost  Invariably  lost. 

In  the  results  reported  to  date,  in  all  cases  vdiere  the  evaporated  film 
showed  any  luminescence,  it  has  been  of  low  intensity,  with  the  lone 
exception  of  zinc  fluoride.  This  phosphor  is  ruled  out  in  practice  be¬ 
cause  of  its  rapid  deterioration  under  cathode  rays. 

ARRANGEMENT  FOR  VAPOR  REACTION 

Another  method,  that  of  producing  the  luminescent  layer  directly  by 
vapor  reaction,  has  yielded  much  more  encouraging  results.  In  this 
method  the  components  which  react  to  give  the  luminescent  layer  are 
brought  together  in  the  vapor  phase  at  the  heated  glass  surface  on  vdiich 
the  phosphor  is  to  be  deposited.  Under  proper  conditions  a  continuous 
glassy  layer  of  luminescent  material  is  produced.  Fig.  3  shows 
schematically  the  basic  arrangement  which  has  been  used  in  this  labo¬ 
ratory,  particularly  for  zinc  sulfide  screens.  The  surface  to  be  coated 
is  supported  in  a  quartz  tube  inside  a  furnace  so  that  the  temperature 
can  be  held  at  any  appropriate  point  in  the  temperature  range  40(FC  to 
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CATHODE  RAYS 


ymohfi  LIGHT 
(TYPICAL  BEAM) 


Fig.  1  — Li^t  scattering  by  powder  phosphor  screen, 


700°C.  The  quartz  tube  extends  far  enough  above  the  furnace  so  that  it 
can  be  closed  with  a  rubber  stopper  which  has  inlet  tubes  through  it  - 
one  for  connection  to  a  vacuum  pump,  cme  for  admission  of  H^S,  and 
one  for  introducing  the  reaction  materials.  It  has  been  found  advan¬ 
tageous  to  drop  these  materials  onto  the  vaporizing  appendix  in  powder 
form  at  a  gradual  rate,  rather  than  as  a  single  charge.  In  this  way,  the 
several  vapor  components  will,  on  the  average,  be  continuously  present 
in  the  same  proportion.  If  all  the  material  were  placed  at  one  time  in 
the  evaporator,  the  high  vapor  pressure  components  would  evaporate 


1  ■ 

!v  ! 

i.  : 

1  ii 

1 

i  • 

1  .  li  ' 

Fig.  2— Linear  trace  on  powder  phosphor  screen  with 
and  without  room  light. 


and  be  gone  much  sooner  than  the  others.  In  addition,  a  shell  tends  to 
form  over  the  material,  vdiich  greatly  retards  evaporation.  Fig.  4  is 
a  photograph  of  one  of  the  coating  chambers  actually  used.  In  this  case 
there  was  no  separately  heated  appendix,  the  powder  being  simply 
dropped  to  the  bottom  of  the  chamber.  A  typical  powder  mixture  for 
making  a  screen  of  ZnS:Mn  is  as  follows: 

25  g  Zn 
12.5  g  ZnCl, 

0.38g  MnCl, 

Chemical  analysis  of  typical  films  indicates  that  their  response  to 
cathode  rays  is  optimum  when  approximately  1  per  cent  of  Mn  by 
weight  is  Incorporated. 

The  layer  of  zinc  sulfide  produced  in  this  way  is  very  durable,  and 
so  firmly  bonded  to  the  glass  that  it  can  be  put  through  the  same 
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Fig.  3— Arrangement  for  vapor  reaction  deposition  of 
phosphor  screen. 


polishing  operations  as  the  glass  itself.  In  fact,  in  removing  the 
deposited  layer,  it  is  usually  necessary  to  resort  to  using  HCl  or  a 
mixture  of  HCl  and  HNO,  to  dissolve  it.  These  screens  will  stand  high 
temperatures  and  severe  heat  shock,  in  a  dry  inert  atmosphere,  with 
essentially  no  damage.  A  coated  face-plate  of  pyrex  can  be  sealed  to 
a  cathode  ray  tube  shell  with  little  effect  on  the  coating,  except  for  a 
narrow  line  along  the  fused  edge.  In  doing  this,  dry  nitrogen  is  used 
for  blowing,  and  high  frequency  heating  for  fusing  the  edges.  The 
arrangement  for  sealing  on  a  coated  faceplate  is  shovm  in  Fig.  5. 

The  thickness  of  the  layer  increases  with  the  amount  of  powder  that 
is  introduced,  provided  a  given  rate  of  dropping  is  maintained.  As  the 
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Fig.  4— Apparatus  used  for  making  8  cathode  ray  tube 
screen. 


thickness  increases  beyond  approximately  half  a  micron,  it  tends  to 
develop  a  roughness  on  the  surface  as  is  illustrated  in  the  electron 
micrograph  of  Fig.  6.  This  roughness  gives  rise  to  some  light 
scattering,  and  this  increases  with  thickness  of  deposit.  However,  when 
the  surface  is  polished  with  a  fine  abrasive,  transparency  is  restored 
in  coatings  10  to  20  micrcms  thick  or  more.  For  a  continuous  clear 
deposit  to  form,  it  is,  of  course,  necessary  to  carefully  clean  the  glass 
surface  before  carrying  out  the  coating  operation.  We  have  found  that 
the  most  satisfactory  procedure  is  to  clean  the  glass  carefully  with 
one  of  the  commercial  metallographic  polishing  powders,  wash  in 
distilled  water,  and  allow  the  surface  to  drain  dry. 
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Fig.  5— Method  for  sealing  transparent  screen  to  cathode 
ray  tube. 


ACTIVATORS 

Activators  in  ZnS  deposits  made  by  vapor  phase  reaction  that  have 
been  found  to  give  relatively  high  response  under  cathode  ray  excitation 
are  arsenic,  copper,  manganese  and  phosphorus.  The  self  activated 
ZnS  can  also  be  made  in  this  way.  The  emission  spectra  of  these 
coatings  are  shown  in  Figs.  6,  7,  8  and  9.  In  most  cases  the  response 
of  these  deposits  to  ultraviolet  excitation  is  weak,  although  it  may  be 
varied  by  changing  the  conditions  in  the  coating  chamber. 
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Fig.  6— Electron  microscope  picture  of  unpolished  vapor 
reaction  coating. 


The  brightness  response  of  typical  transparent  screens  under  cath¬ 
ode-ray  excitation  is  given  in  Fig.  10.  These  values  were  obtained 
with  a  current  of  1  microampere  per  sq.  cm.  and  accelerating  voltages 
up  to  25  KV  a  layer  of  aluminum  about  0.1  micron  thick  was  evaporated 
directly  onto  the  phosphor  to  eliminate  charging  of  the  surface.  There 
is  no  evidence  of  deterioration  of  these  screens  under  cathode  ray 
bombardment  of  normal  intensity.  The  brightness  which  has  been 
attained  up  to  the  present  with  transparent  coatings  is  several  fold  less 
than  can  be  realized  with  the  best  white  phosphor. 
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Fig.  7— Spectral  distribution  of  ZnS:Zn,  ZnS:Cu  and 
ZnSMMn  made  by  vapor  reaction. 


ELECTROLUMINESCENCE 

Layers  of  ZnS:Mn  produced  by  vapor  reaction  may  be  made  to 
eidiibit  electroluminescence.  If  the  glass  upon  vdiich  the  deposition  is 
to  be  made  has  an  initial  transparent  coating  of  TiO,,  the  TiO,  layer 
becomes  electrically  conducting  as  the  ZnS  forms  on  it.  An  electro¬ 
luminescent  cell  can  thus  be  made  by  evaporating  or  painting  an  elec¬ 
trode  on  the  front  surface  of  the  ZnS.  The  details  are  indicated  in 
Fig.  11.  The  properties  of  such  cells  have  been  reported  by  Halsted 
and  KoUer.^ 

ENHANCEMENT  OF  ULTRAVIOLET  EXCITED 
LUMINESCENCE  BY  D.C.  FIELD 

Under  d.c.  excitation  cells  made  in  this  way  show  only  a  transient 
flash  of  light  when  the  field  is  applied  or  turned  off.  However,  if  ultra¬ 
violet  (SSSOa)  is  incident  on  the  cell,  giving  rise  to  photoluminescence, 
the  brightness  of  the  emitted  light  may  be  greatly  increased  when  the 

1.  R.  E,  Halsted  and  L.  R.  KoUer,  Phys.  Rev.  2,  349,  Jan.  1954. 
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Fig.  8— Spectral  distribution  of  ZnS:As  screens  for 
different  conditions  of  preparation. 


d.c.  voltage  is  turned  on.  The  study  of  this  phenomenon*  is  still  in  the 
preliminary  stage  but  in  the  samples  studied  thus  far,  an  increase  in 
brightness  as  great  as  fifty  fold  has  been  observed  when  a  difference  of 
potential  of  100  volts  is  applied  across  a  layer  10  microns  thick.  At  low 
ultraviolet  intensity  true  light  amplification  has  been  observed;  that  is, 
the  energy  given  out  in  the  visible  with  the  field  applied  is  greater  than 
that  incident  Ifi  the  ultraviolet  exciting  beam.  The  intensity  under  a 
given  fields  increases  with  the  intensity  of  the  incident  ultraviolet  and 
consequently  a  cell  of  this  type  may  be  used  to  intensify  a  low  brightness 
picture  projected  with  ultraviolet. 


2.  D.  A.  Cusano,  Bulletin  Am.  Phys.  Soc.  1,  Jan.  1955. 
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Abstract  Number  53 


CATHODOLUMINESCENT  LAMPS 
L.  R.  Koller 

General  Electric  Research  Laboratory 
Schenectady,  New  York 


The  excitation  of  luminescence  by  cathode  ray  bombardment  of  a 
phosphor  at  a  beam  energy  of  several  kilovolts  is  a  fairly  efficient 
process.  Luminous  efficiencies  as  high  as  98  lumens  per  watt  have 
been  reported.^  Such  values  are  high  enougdi  to  warrant  considering 
cathodoluminescent  lamps  as  illuminants.  In  contrast  to  the  perform¬ 
ance  at  hi£^  voltage,  it  has  not  been  possible  in  the  past  to  operate 
cathodoluminescent  lamps  made  with  most  phosphors  at  ordinary  line 
voltages  of  120  volts  or  less.  Zinc  oxide  is  an  exception.  Shrader  and 
Kaisel*  have  shown  that  zinc  oxide  can  be  excited  by  very  low  energy 
electrons. 

The  first  obstacle  to  low  voltage  operation  is  that  the  secondary 
emission  ratio  for  many  phos(4iors  is  less  than  one  U.e.,  below  the 
first  crossover)  in  this  voltage  range.  It  is  also  subject  to  fluctuations 
during  the  life  of  the  tube.  Accordingly,  these  phosf^ors  on  an  insulating 
surface  cannot  be  excited  by  electron  bombardment  in  a  pure  electron 
discharge  at  low  voltage.  This  obstacle  may  be  overcome  by  placing 
the  phosphor  on  a  conducting  electrode  which  also  serves  as  anode.  The 
phosphor  is  then  prevented  from  charging  up  by  leakage  to  the  anode. 
Under  these  conditions  the  voltage  drop  through  the  phosphor  screen  is 
an  important  factor  in  determining  the  operating  conditions. 

Measurements  were  made  of  the  voltage  drop  through  screens  of 
different  thickness  of  a  number  of  different  phosphors.  The  observations 
were  made  by  a  comparison  of  the  electrical  characteristics  of  a  num¬ 
ber  of  simple  cathode  ray  tubes  vdiich  differed  only  in  the  nature  of 
their  phosphor  screens. 

The  current  voltage  relation  was  found  to  be  of  the  general  form 
shown  in  Figure  1.  The  knee  of  the  curve  was  in  the  region  of  100-200 
volts,  depending  upon  the  nature  of  the  phosphor.  It  appeared  at  higher 
voltages  the  thicker  the  screen.  For  low  voltages  and  small  currents 
the  volt  ampere  relation  is  nearly  linear.  At  higher  voltages  the  cur¬ 
rent  increases  exponentially  with  the  voltage.  Accordingly,  below  the 
knee  of  the  curve,  the  screen  impedance  is  hig^  vdtile  above  the  knee 
the  screen  impedance  becomes  lower. 


1.  A.  Bril  and  H.  A.  Klassens,  Philips  Tech.  Rev.  ^  67  (1953). 

2.  R.  E.  S  hrader  and  S.  F.  Kaisel,  J.O.S.A.  135  (1954). 
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Fig.  1— Voltage  drop  throu^  monolayer  powder  phos 
phor  screens. 


A  lamp  such  as  a  bulb  with  the  inside  walls  of  conducting  glass  upon 
which  a  layer  of  phosphor  is  deposited  and  a  central  hot  cathode  may  be 
considered  as  two  impedances  in  series.  One  is  the  anode  cathode 
space,  udiere  the  current  voltage  relations  are  determined  by  the  3/ 2 
power  space  charge  law.  The  other  is  the  phosphor  screen  where  the 
relations  shown  in  Figure  1  apply.  The  lamp  current  at  any  given 
applied  voltage  must  satisfy  both  the  3/  2  power  law  for  the  geometry  of 
the  lamp  and  the  screen  volt  ampere  relation  shown  in  Figfure  1.  This 
is  indicated  schematically  in  Figure  2.  The  lamp  will  operate  at  a  cur¬ 
rent  corresponding  to  the  intersection  of  the  two  curves,  and  the  applied 
voltage  will  be  divided  between  the  two  impedances  as  shown  by  Vg  and 
Vp.  For  most  phosphors,  at  low  voltages  the  operating  point  falls  on 
the  linear  portion  of  the  phos{^or  charactersitic.  Thus  the  lamp  cur¬ 
rent  is  relatively  small  and  most  of  the  voltage  drop  takes  place  across 
the  phosphor.  As  the  applied  voltage  is  increased,  the  operating  point 
moves  toward  larger  currents.  In  addition,  due  to  the  exponential 
nature  of  the  phosphor  characteristic,  most  of  the  increased  voltage  is 
impressed  across  the  space  and  results  in  increased  energy  for  the 
electrons  ^ich  bombard  the  phosphor. 

These  considerations  lead  to  the  conclusion  that  a  necessary  condi¬ 
tion  for  the  operation  of  low  voltage  cathode  ray  lamps  is  the  use  of 
phosphors  having  high  conductivity.  Measurements  of  conductivity  on 
samples  of  pressed  powders  showed  that  the  conductivity  of  ZnO  phos¬ 
phor  is  lower  by  several  orders  of  magnitude  than  phosphors  such  as 
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Fig.  2— Current  voltage  relations  in  cathode  ray  lamp. 


Zn,Si04:Mn,  ZnSrZn,  ZnSrAg,  ZnCdStAg  and  a  number  of  other  commer¬ 
cial  phosphors.  These  measurements  checked  the  results  obtained  in 
the  cathode  ray  tubes. 

Lamps  were  then  made  by  depositing  phosphors  on  the  inner  surface 
of  3 -inch  Pyrex  glass  bulbs  which  had  first  been  given  a  conducting  by 
tin  oxide  coating.  This  served  as  anode.  Indirectly  heated  oxide-coated 
cathodes  were  mounted  centrally.  The  bulbs  were  given  a  conventional 
bake  out  and  exhaust.  The  electrical  and  luminescent  properties  of 
these  lamps  were  measured  and  found  to  confirm  the  predictions  of 
Figure  2.  At  120  volts  the  current  through  the  Zn^SiO^  lamps  was  only 
a  few  microamperes.  The  luminescence  was  negligible  and  occurred 
only  at  a  few  discrete  spots.  The  current  through  the  ZnS  lamp  was 
1-2  milliamperes  and  the  luminescence  feeble.  It  was  observed  only 
over  some  rather  large  patches.  The  ZnO  lamps  passed  a  current  of 
10-20  X  10~’  amperes  at  120  volts  and  showed  strong  uniform  lumines¬ 
cence  over  the  entire  bulb. 

The  relative  space  and  i^osphor  voltage  drops  in  these  lamps  derived 
from  the  measurements  made  in  the  cathode  ray  tubes  are  shown  in 
Figure  3.  The  value  of  the  product  of  lamp  current  and  space  voltage 
drop  is  a  measure  of  the  energy  available  for  excitation  cd  the  phosphor. 
The  relative  values  of  this  product  for  Zn,Si04,  ZnS  and  ZnO  were  1, 

92  and  160  respectively.  The  measurements  in  the  CR  tubes  and  lamps 
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Fig.  3— Voltage  current  relations  for  cathode  ray  lamps 
with  various  phosphors. 


are  not  strictly  comparable  since  the  phosphor  coatings  were  applied 
by  different  methods,  but  the  general  nature  of  the  effects  is  the  same. 

A  rough  estimate  of  the  efficiency  of  the  ZnO  lamps  was  about  1I«^W. 
Measurements  on  about  thirty  lamps  were  in  fairly  good  quantitative 
agreement  for  the  ZnO.  The  measurements  on  the  other  phosphors 
were  in  agreement  qualitatively  but  were  not  reproducible.  The  con¬ 
duction  through  the  phosphor  is  in  the  nature  of  a  breakdown  phenomenon 
and  depends  upon  the  detailed  structure  of  the  coating  and  its  history. 

The  conclusion  to  be  drawn  from  these  observations  is  that  the  vol¬ 
tage  drop  through  phosphor  screens  is  considerable  and  is  a  limiting 
factor  in  the  operation  of  cathodoluminescent  lamps  at  low  voltages. 
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COLOR  SHIFTS  IN  Zn-Cd-S  lAg)  PHOSPHORS 
Vanja  Svepel 

Cathode  Ray  Tube,  General  Electric  Co. 
Syracuse,  N.  Y. 


The  emission  of  a  zinc-cadmium-sulfide  phosphor,  activated  with 
Silver,  shifts  to  shorter  wavelengths  as  the  density  of  the  exciting  elec¬ 
tron  beam  increases.  The  magnitude  of  the  shift  increases  with 
increasing  content  of  Cd  in  the  phosphor. 

12  3  4 

This  phenomenon  can  be  explained  by  Schoen-Klasens  Thbory  '  ’  ’ 
of  double-band  emission  applied  to  Zn-Cd-S  (Ag)  phosphors.  One,  main 
emission  band,  appears  due  to  the  lattice  structure  (also  called  the 
Zinc-,  or  selfactivation-band).  The  other  is  due  to  the  activator  (silver) 
centers. 

The  energ^y  level  changes  in  the  system  are  presented  schematically 
in  Fig.  1,  showing  the  effect  of  increasing  Cd  content.  Numerous 

Energy  levels  in  ZnCdS(Ag) 


Conduction  band 


Pilled  band 


examples^’  ^  support  the  indicated  pattern.  As  the  cadmium  content  " 
increases  the  two  peaks  shift  more  and  more  apart  causing  the  color 
shift  with  increasing  current  density  to  become  more  and  more  promin¬ 
ent  as  the  amount  of  silver  in  the  phosphor  increases. 

At  standard  cathode-ray  rube  operating  conditions  the  two  peaks  are 
not  noticeable,  but  they  can  be  resolved  at  low  (eg.  -  196°C)  tempera¬ 
tures  under  ultraviolet  excitation. '  In  phosphors  of  hig^  cadmium  and 
high  silver  content  the  position  of  the  second  peak  can  be  determined  in 
spectral  emission  curves  obtained  at  high  current  density  excitation. 
Other  peaks  may  be  resolved  belonging  to  other  centers  (eg.  edge  emis¬ 
sion  band^  and  Na-band*^). 

The  system  was  investigated  by  using  the  following  set  of  phosphors: 


L-lOO  ZnS-  Cubic  a)No  Ag,  b)0.0001^Ag,  c)0.001%  Ag,  d)0 
n.  -  75  ZnS-  25  CdS  "  " 

in.-  45  ZnS-  55  CdS  "  "  ” 

IV. -  15  ZnS-  85  CdS 

V. -  100  CdS 


01%  Ag,  e)0.1%Ag 


The  deepening  of  body  color  with  increasing  activator  concentration  is 
increasing  with  higher  Cd  and  is  very  strong  in  pure  CdS. 

The  emission  spectra  show  that  the  edge-emission  band  is  sup¬ 
pressed  at  hi^  activator  concentrations.  Then  the  silver  band  gains  in 
importance  causing  the  shift  of  emission  color  toward  the  shorter  wave¬ 
length.  As  an  example,  the  spectroradiometer  readings  for  IV  set  of 
phosphors  is  given. 


Ea  =  constant) 
Current  density: 


Color  Coordinates  (CIE)  x,  y 
Samples 

a  b  c 


0.2  ua/cm®  .656  .344  .670  .330  .667  .333  .655  .345  .629  .371 

2.0  .619  .364  .638  .352  .646  .354  .598  .401  .606  .392 

4.0  .617  .367  .633  .353  .629  .363'  .590  .408  .595  .403 

20.0  .530  .404  .599  .371  (.610  .380)  .567  .429  .576  .422 

Excluding  the  short-wavelength  tail  (edge-emission  and  Na-bands)  the 
following  set  of  color  readings  is  obtained: 

0.2  ua/ cm* 

2.0 
4.0 
20.0 

It  follows  that  the  color  shift  is  a  logarithmic  functicm  of  current  density. 

The  effect  of  increasing  silver  content  is  illustrated  in  Fig.  2.  At 
low  activator  concentrations  the  edge  (-resonance-)  emission  band  is 
present.  It  disappears  at  hig^  activator  content;  at  that  point  the  Ag- 
band,  and  also  Na-band,  have  grown  in  importance  relative  to  the  main 
emission  band. 
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Fig.  2— Effect  of  increasing  Ag  content  on  spectral  energy 
distribution  of  .15  Zn  .85  Ca  S  (Ag). 


There  is  usually  a  sli^t  shift  of  the  peak  toward  the  shorter  wave¬ 
lengths  with  increasing  activator  content  and,  relatively  less  so,  with 
increasing  excitation  density. 

Numerous  applications  of  the  effect  could  be  cited.  In  monochrome 
application  the  observable  shift  toward  the  blue  with  increased  density 
may  be  attributed  to  the  emission  shift  of  the  yellow  component. 
Another  possible  explanation  is  the  probable  saturation  effect  taking 
place  in  the  “yellow"  component  at  lower  current  density  than  it  does 
in  the  “blue" component.  The  sensitivity  to  copper  contamination  is 
easy  to  explain  by  considering  the  higher  energy  level  of  Cu  activator- 
centers  in  relation  to  Ag-and  Zn-  levels.  Screen  burning  mechanisms 
can  also  be  explained  by  taking  into  account  the  relative  abundance  and 
sensitivities  of  different  type  centers.  Flying  spot  scanner  tubes,  in 
color  television  application,  if  using  ZnS  type  phosphors  for  screens, 
show  the  described  shift  effects.  For  the  same  reason  the  ZnCdS  tAg) 
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green,  and  even  more  the  red,  phosphors  are  unsuitable  for  the  screen 
application  in  color  television  picture  tube. 
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A  NEW  SINTERED  TUNGSTEN  MATRIX  CATHODE 

E.  A.  Thurber 
Bell  Laboratories 


The  history  of  magnetron  cathodes  will  be  briefly  reviewed  providing 
some  background  information  essential  to  a  fuller  appreciation  of  recent 
design  problems  and  their  solution.  In  particular,  the  development  of  a 
new  oxide-coated  coexpansive  system  comprising  a  sintered  tungsten 
matrix  on  a  molybdenmn  base  will  be  described.  The  new  cathode  will 
be  compared  with  older  types  from  the  standpoints  of  electrical  per¬ 
formance,  mechanical  strength,  refractory  properties,  thermal  and 
thermionic  stability,  and  general  reliability. 
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SOME  STUDIES  ON  PROBLEMS  ASSOCIATED 
WITH  THE  MOLDED  NICKEL  CATHODE 

Irving  J.  Bell  and  George  R.  Brewer 

Electrcm  Tube  Laboratory,  Hughes  Research 
and  Development  Laboratories 


Some  problems  encountered  in  the  fabrication  and  processing  of  the 
molded  nickel  cathode  will  be  discussed,  together  with  methods  vdiich 
have  been  successful  in  their  solution.  Particular  emphasis  will  be 
placed  on  the  effect  of  composition  and  sintering  schedule  on  the  emis¬ 
sion  and  life  obtainable  for  cathodes  containing  carbon  as  a  reducing 
agent.  Data  on  pulsed  and  DC  emission  and  life  tests  will  be  presented. 


Abstract  Number  58 


SOME  APPUCATIONS  OF  L  CATHODES 

J.  Babakian*  A.  Matthewson  J.  Bloom 

Air  Force  Cambride  Research  Center 


Some  years  ago  a  general  evaluation  was  made  of  the  then  new  L 
cathode.  Its  pulse  emission  characteristics  in  high  vacuum  diodes 
received  by  far  the  greatest  attention.  Peak  emissions  of  40  -  45  Am¬ 
peres  per  sq.  cm  were  obtained  at  varying  pulse  lengths  over  periods 
of  hundreds  of  hours.  In  this  early  work  little  if  any  effort  was  placed 
on  high  voltage  applications  in  high  vacuum  and  gas  tubes. 

This  internal  program  in  the  tube  section  at  Air  Force  Cambridge 
Research  Center  was  expanded.  In  the  course  of  an  electron  beam 
study  early  data  was  obtained  on  the  effect  of  high  voltages  on  L  cath¬ 
odes.  This  early  tube  was  designed  around  a  cavity  type  3  mm  disc 
cathode.  An  impregnated  type  cathode  was  later  used  in  the  same  tube 
structure. 

As  larger  cylindrical  cathodes  (impregnated  type),  became  avail¬ 
able,  external  anode  tubes  were  designed  and  built.  Several  tubes  were 
successfully  processed  using  a  3  cm‘  cylindrical  cathode.  The  most 
recent  tubes  have  been  designed  around  a  9  cm*  cathode  and  a  number 
of  these  tubes  have  been  processed. 

In  this  study  of  high  voltage  triodes  a  number  of  trends  became  ap¬ 
parent.  The  early  pulse  diode  results  could  not  be  obtained  in  pulse 
triodes  of  about  the  same  size.  The  triodes  proved  harder  to  activate 
than  the  diodes  and  further  difficulty  was  experienced  when  high  pulse 
voltages  were  applied.  The  impregnated  cathodes  were  easier  to 
handle  than  the  original  cavity  types  but  the  emission  levels  obtainable 
proved  to  be  somewhat  lower. 

When  working  with  the  larger  cylindrical  cathodes  in  external  anode 
tubes  these  trends  were  carried  further.  Activation  proved  more  dif¬ 
ficult  and  processing  techniques  were  more  rigorous  and  much  more 
time  consuming.  It  proved  impossible  to  attain  in  larger  cathodes  the 
emission  densities  originally  obtained  with  the  small  ones.  In  the 
largest  tubes,  emission  densities  of  about  10-12  Amps  per  sq.  cm. 
were  obtained  at  llOO^^br.  In  these  tubes  peak  voltages  of  as  high  as 
26  KV  were  applied.  In  all  of  these  triodes  average  power  was  severely 
limited  by  grid  emission. 

A  major  effort  was  expended  in  exploring  the  properties  of  L  cath¬ 
odes  in  gas  tubes.  In  small  gas  diodes  the  original  3  mm  dia.  cathodes 
operated  very  well.  However,  as  the  gas  pressures  were  reduced  to 
sustain  high  voltage  drops  (up  to  100  volts)  the  ion  bombardment 
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rapidly  destroyed  the  emissive  qualities  of  the  cathode.  A  number  of 
tests  indicated  that  this  emission  recovered  very  rapidly  with  the 
removal  of  plate  voltage.  It  occurred  to  the  authors  that  this  recovery 
might  be  quick  enough  to  allow  pulse  operation  under  high  velocity  ion 
bombardment  conditions.  It  was  decided  to  explore  the  characteristics 
of  these  cathodes  in  typical  pulse  thyratron  structures.  A  small  hydro¬ 
gen  thyratron  similar  to  the  3C45  tube  was  chosen.  Since  these  cath¬ 
odes  are  inoperable  in  hydrogen  helium  was  used  as  a  gas  fill. 

A  great  deal  of  difficulty  arose  in  activating  L  cathodes  in  this 
structure.  It  proved  impossible  to  get  more  than  sporadic  activation 
with  a  nickel  tube  structure.  Gradually  a  purified  mobybdenum  struc¬ 
ture  was  developed.  These  tubes  were  activated  under  high  vacuum 
conditions  and  then  the  gas  was  introduced.  Time  after  time  a  well 
activated  cathode  would  be  poisoned  during  gas  filling.  This  operation 
proved  to  be  a  very  critical  one  throughout  the  entire  investigation. 
After  many  failures  it  was  demonstrated  that  these  tubes  could  be  oper¬ 
ated  as  pulse  thyratrons  with  cathode  falls  in  the  order  of  hundreds  of 
volts. 

The  same  tube  structure  was  used  with  a  3  mm  dia  impregnated 
cathode.  A  number  of  these  tubes  were  made  and  several  operated  for 
hundreds  of  hours.  A  structure  was  designed  around  the  3  cm^  cylin¬ 
drical  cathode  and  a  number  of  these  tubes  were  built  and  processed. 
Several  of  these  tubes  have  operated  for  hundreds  of  hours  and  one  has 
lasted  two  thousand  hours.  In  a  newly  activated  tube  the  degree  of  cath¬ 
ode  activity  can  be  readily  determined  by  the  magnitude  of  the  trigger 
voltage. 

The  significant  aspect  of  these  gas  tube  te.sts  is  the  resistance  to 
high  ion  velocities  shown  by  the  cathode.  Even  more  remarkable  is  the 
rapid  recovery  of  these  cathodes  from  the  inevitable  damage  such  ion 
bombardment  inflicts.  These  tubes  were  pulsed  at  repetition  rates 
ranging  up  to  600  per  second.  Pulse  lengths  up  to  12  usee  were  used  at 
duty  cycles  up  to  .003.  The  tube  structure  used  was  originally  designed 
for  peak  voltages  up  to  8  KV.  Operation  at  this  level  was  achieved 
using  these  impregnated  cathodes. 

These  results  are  essentially  preliminary  as  all  of  the  tubes  des¬ 
cribed  are  at  best  early  developmental  tubes.  However,  the  properties 
of  these  cathodes  are  still  of  great  interest.  This  is  true  despite  the 
lower  than  expected  peak  emission  densities  available  to  date  from  the 
larger  cathodes  in  high  vacuum  tubes.  In  summing  up  one  can  say  that 
in  high  vacuum  tubes  these  cathodes  can  be  used  under  very  high  pulse 
voltage  conditions  with  a  minimum  of  difficulty  from  sparking.  The 
fullest  advantages  are  only  apparent  when  the  tube  structure  can  be 
designed  to  minimize  grid  emission. 

In  gas  tubes  these  cathodes  can  be  operated  continuously  under  low 
cathode  fall  conditions.  When  the  cathode  fall  appreciably  exceeds  30 
volts,  pulse  operation  becomes  necessary.  This  is  only  possible  be¬ 
cause  of  the  remarkably  rapid  recovery  characteristics  of  these 
cathodes.  To  date  the  high  peak  currents  obtained  in  these  tubes  have 
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been  limited  by  the  test  circuits  and  not  the  cathode.  Moreover,  it  be¬ 
comes  possible  to  obtain  long  pulse  length  operation  (up  to  12  usee),  at 
greater  than  usual  duty  C3rcles  (up  to  .003). 

*  Present  Affiliation 

Director  of  Research  and  Development 
Central  Sales  b  Mfg.  Corp. 

Denville,  N.  J. 
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MANUFACTURING  ADVANTAGES  OF  PHILIPS 
IMPREGNATED  CATHODE  USED  IN  MAGNETRON  APPLICATIONS 

Markus  Nowogrodzki 
Amperex  Electronic  Corporation 


ABSTRACT 

The  impregnated  cathode  is  one  of  the  porous-tungsten  dispenser- 
type  emitters  recently  developed.  Its  forerunner,  the  "L”  cathode  de¬ 
veloped  in  Holland,  used  a  reservoir  of  barium  carbonate  contained  by 
a  layer  of  porous  tungsten.  The  new  cathode  uses  an  emissive  layer  of 
porous  tungsten  impregnated  with  barium  aluminate.  The  cathode  has 
an  essentially  metallic  emitting  surface,  which  may  greatly  contribute 
toward  its  excellence  in  magnetron  applications. 

Early  designs  of  the  “L”  cathode  necessitated  higgler  heater  powers 
than  those  used  in  an  equivalent  tube  employing  oxide-coated  emitters. 
The  impregnated  cathode,  particularly  of  the  threaded  design,  obviates 
the  higher  heater-power  requirement,  so  that  a  magnetron  using  an 
impregnated  cathode,  but  completely  interchangeable  with  the  prototype 
tube,  can  be  constructed. 

The  manufacturing  advantages  of  the  impregnated  emitter  fall  into 
two  main  classes,  viz.,  ease  of  processing  (both  of  the  cathode  itself 
and  the  tube),  and  resistance  to  cathode  poisoning.  The  cathode  itself, 
because  it  is  a  metallic  emitter,  can  be  manufactured  with  greater  ease 
and  without  resorting  to  coating,  sintering,  or  compressicm  devices. 

The  finished  cathode  is  rugged,  smooth,  and  can  be  handled  easily  with- 
our  danger  of  chipping  or  flaking.  On  the  exhaust  station  further  advan¬ 
tages  appear:  the  “breakdown”  of  the  oxide-coated  cathode,  leading  to 
the  conversion  to  oxides  of  the  alkaline-earth  carbonates,  is  not  present 
in  the  case  of  the  impregnated  emitter.  As  a  result,  the  exhaust  proce¬ 
dure  of  either  the  cathode  itself  or  the  finished  magnetron  is  greatly 
simplified. 

The  impregnated  cathode  is  also  superior  from  the  viewpoint  of 
aging  the  finished  magnetron.  Aging  schedules  in  the  6507  -  the  tube 
incorporating  and  impregnated  cathode  -  have  been  reduced  by  as  much 
as  80%  as  compared  with  the  protot3rpe  magnetron  employing  an  oxide- 
coated  cathode,  the  4J52  type.  In  addition  to  a  saving  in  aging  time,  the 
aging  is  also  less  violent,  with  a  complete  absence  of  large  bursts  of 
arcs  which  may  prove  detrimental  to  the  tube  being  aged. 

The  resistance  to  poisoning  of  the  impregnated  cathode  not  only 
facilitates  its  handling,  but  also  enables  its  re-use  in  new  mounts  after 
removal  from  a  defective  tube.  From  a  production  point  ot  view  this  is 
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obviously  an  advantage.  But  in  the  process  of  tube  development,  the 
possibility  of  re-using  cathodes  is  of  even  greater  importance,  since  it 
enables  the  trial  of  variants  of  anode  design  for  optimization  of  anode 
geometry  without  the  complication  of  cathode  variables  in  the  succes¬ 
sive  experimental  designs. 
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EMISSION  FROM  MOLYBDENUM  ACTIVATED  WITH  BARIUM* 

R.  H.  Ahlert  and  E.  S.  Rittner 

Philips  Laboratories, 

Irvington- on- Hudson,  New  York 


Since  molybdenum  parts  are  frequently  incorporated  into  Philips 
dispenser  cathode  structures  in  close  proximity  to  the  tungsten  emitting 
member,  it  is  desirable  to  obtain  information  on  the  emission  capabili¬ 
ties  of  molybdenum  surfaces  activated  by  barium,  which  is  supplied 
either  by  evaporation  or  by  surface  migration  from  the  active  region 
of  the  cathode.  It  is  also  of  interest  to  determine  the  average  migra¬ 
tion  length  of  barium  over  molybdenum. 

Data  on  the  emission  capabilities  of  barium-activated  molybdenum 
have  been  obtained  by  exposing  a  molybdenum  wire  to  a  molecular  beam 
of  barium  of  known  intensity  and  measuring  the  emission  current  from 
the  wire  as  a  function  of  the  arrival  rate  of  the  barium,  of  the  tempera¬ 
ture  of  the  molybdenum,  and  of  the  state  of  oxidation  of  the  wire.  These 
experiments  have  revealed  that  the  emission  vs.  barium  arrival  rate 
characteristics  of  superficially  oxidized  molybdenum  are  identical  ini¬ 
tially  with  those  of  tungsten  in  a  similar  state  of  oxidation.  However, 
the  molybdenum  loses  its  adsorbed  oxygen  content  much  more  rapidly 
than  tungsten,  thus  resulting  in  a  large  decrease  iii  emission  with  time. 
This  decrease  in  emission  can  be  avoided  for  the  most  part  by  exposing 
the  molybdenum  to  a  stream  containing  in  addition  to  barium  some 
barium  oxide  to  replace  losses  of  adsorbed  oxygen. 

The  migration  length  of  barium  over  molybdenum  has  been  deter¬ 
mined  by  measuring  the  space  charge  limited  emission  from  the  top 
side  of  a  slotted  molybdenum  ribbon,  the  bottom  of  which  is  main¬ 
tained  at  a  constant  coverage  of  adsorbed  barium.  Since  the  emission  ’ 
current  density  for  a  given  voltage  and  cathode-anode  separation  may 
be  readily  computed  from  Child’s  law,  the  magnitude  of  the  emission 
current  collected  by  an  anode  of  known  area  positioned  above  the  slotted 
region  of  the  ribbon  provides  a  measure  of  the  effective  emitting  area 
of  the  ribbon  and  thus  also  of  the  migration  length  of  the  barium.  The 
value  of  the  migration  length  determined  in  this  manner  proves  to  be 
of  the  order  of  a  small  fraction  of  a  millimeter  and  decreases  with  in¬ 
creasing  temperabire.  If  losses  of  adsorbed  oxygen  as  the  result  of 
thermal  treatment  are  not  replenished,  then  the  migration  length  de¬ 
creases  progressively  with  aging  time. 


♦Work  supported  by  the  Bureau  of  Ships  under  Contract  No.  NObsr- 
64043. 
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AN  INVESTIGATION  OF  THE  IMPREGNATED  CATHODE* 

W.  C.  Rutledge,  E.  S.  Rittner  and  R.  H.  Ahlert 

Philips  Laboratories, 
Irvington-on-Hudson,  New  York 


In  view  of  the  interest  stimulated  by  the  first  commercial  version  of 
the  impregnated  cathode,^  a  detailed  investigation  of  the  basic  perform¬ 
ance  characteristics  of  a  standard  3  mm  planar  type  cathode^*(thickness 
1  mm)  was  undertaken.  The  information  so  obtained  serves  as  a  par¬ 
tial  basis  for  elucidating  several  aspects  of  the  mechanism  of  operation 
of  the  cathode.  Of  particular  interest  are  the  differences  in  the  elec¬ 
tron  emission  and  product  evaporation  between  this  version  of  the  im¬ 
pregnated  cathode  and  the  earlier -developed  L-cathode.’ 

Measurements  of  emission  density  from  a  planar  diode  as  a  function 
of  voltage,  temperature  and  cathode  life  are  described.  Schottky  plots 
of  the  data  show  that  the  zero-field  emission  from  the  impregnated 
cathode  is  about  one-fifth  that  from  an  L-cathode.  Richardson  plots 
yield  nearly  identical  work  functions  for  the  two  cathodes  (^7<=oOk  ~ 

1.6  ev).  Therefore,  the  impregnated  cathode  must  be  operated  about 
ISO^K  higher  than  the  L-cathode  in  order  to  deliver  the  same  emission 
density.  Both  cathodes  exhibit  relatively  constant  emission  throughout 
accelerated  life-tests,  but  the  life  of  the  impregnated  cathode  at  a  given 
temperature  is  roughly  twice  as  long. 

Evidence  is  presented  to  show  that  the  electron  emission  originates 
from  the  entire  top  surface  of  the  cathode,  which  includes  a  supporting 
rim  of  molybdenum.  At  temperatures  below  1250*^K  the  migration 
length  of  bvium  on  molybdenum  increases  sufficiently  so  that  the  sides 
of  the  molybdenum  sleeve  contribute  significantly  to  the  total  emission, 
if  a  guard  electrode  is  not  employed. 

The  evaporation  products  from  both  cathodes  were  foimd  by  polaro- 
graphic  and  by  chemical  means  to  consist  solely  of  barium  and  of 
barium  oxide.  Since  these  methods  of  analysis  yield  only  average 
evaporation  rates,  a  physical  method  was  developed  in  order  to  deter¬ 
mine  the  ‘instantaneous*  evaporation  rates  of  both  barium  and  barium 
oxide  as  a  function  of  time  throughout  the  life  of  the  cathode.  This 
method  is  based  in  part  on  the  well-known*  electron  emission— time 


*Work  supported  by  the  Bureau  of  Ships  under  Contract  No.  NObsr- 
64043. 

♦♦This  cathode  represents  the  first  version  of  the  impreg^ted 
cathode,  and  not  the  improved  version  which  is  described  by  Dr.  R. 
Levi  in  an  accompanying  paper. 
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characteristics  of  a  tungsten  wire  exposed  to  a  stream  of  barium.  The 
reciprocal  of  the  time  required  for  the  emission  to  reach  a  maximum 
value  is  a  direct  measure  of  the  relative  barium  evaporation  rate. 
Further  experiments*  show  that  a  tungsten  wire  may  be  calibrated  as 
an  absolute  detector  of  total  barium  content  and  that  the  calibration  is 
valid  for  a  mixture  of  barium  and  barium  oxide.  It  is  also  possible  to 
determine  the  percentage  of  barium  oxide  in  the  evaporation  products 
by  exposing  the  tungsten  wire  to  the  stream  of  evaporant  until  optimum 
emission  is  attained,  aging  the  wire  at  a  temperature  at  which  free 
barium  is  selectively  removed,  and  re-exposing  the  wire  to  the  prod¬ 
ucts  evaporated  from  the  cathode  until  optimum  emission  is  again 
obtained. 

Measurements  of  the  total  barium  evaporation  rate  as  a  function  of 
cathode  life  show  that  initially  the  rate  from  the  impregnated  cathode 
exceeds  that  from  an  L-cathode  of  comparable  porosity  by  about  an 
order  of  magnitude.  However,  the  rate  from  the  impregnated  cathode 
decreases  continuously  throuf^out  life,  becoming  less  than  that  from 
the  L-cathode  after  200  hours  of  aging  at  1465<^K.  The  barium  oxide 
content  of  the  evaporant  is  roughly  25  per  cent  for  the  L-cathode  and 
also  for  the  impregnated  cathode  early  in  life.  IXiring  subsequent 
aging  of  the  latter,  the  barium  oxide  content  decreases  by  a  factor  of 
about  three.  Measurements  of  the  temperature  dependence  of  the  total 
barium  evaporation  rates  show  nearly  identical  results  for  both 
cathodes. 

That  barium  is  transported  to  the  emitting  surface  of  the  L-cathode 
principally  by  Knudsen  flow  has  been  previously  shown.*  The  dominant 
barium  transport  mechanism  in  the  impregnated  cathode  is  also  Knud¬ 
sen  flow,  in  this  case  however  through  partially  clogged  pores.  This 
conclusion  is  based  on  the  observed  temperature  dependence  of  the  total 
barium  evaporation  rate,  on  the  constancy  of  the  emission  throughout 
life,  and  on  the  observed  time  dependence  of  the  instantaneous  evapora¬ 
tion  rate. 

One  may  conclude  that  the  impregnated  cathode  operates  in  a  man¬ 
ner  highly  similar  to  that  of  the  L-cathode.  There  is  one  question, 
however,  as  to  why  the  first  commercial  version  of  the  impregnated 
cathode  furnishes  much  smaller  emission  than  the  L-cathode.  The 
best  hypothesis  which  we  can  propose  at  present  is  that  a  poisoning 
gas  may  be  gradually  released  from  the  interior  of  the  cathode  during 
life,  thus  neutralizing  the  activating  effect  of  much  of  the  barium. 
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IMPROVED  PHILIPS  “IMPREGNATED  CATHODE* 

Roberto  Levi 

Philips  Laboratories 
Irvington-on- Hudson,  N.Y. 


In  recent  years  a  dispenser  type  thermionic  cathode,  known  as  the 
L-cathode,  has  been  developed  in  Holland.*  In  this  cathode  the  barium 
source  consists  of  barium  carbonate  contained  in  a  large  cavity  reser¬ 
voir;  as  a  result  the  time  required  on  the  pumping  system  is  rather  long 
since  the  breakdown  of  the  carbonate  must  be  carried  out  very  slowly. 
Furthermore,  the  large  cavity  reservoir  causes  a  number  of  thermal 
problems  and  greatly  limits  the  range  of  sizes  and  shapes  in  which  the 
cathode  can  be  made. 

More  recently  an  improved  version  of  the  L-cathode,  called  the 
Philips  impregnated  cathode,  has  been  developed.^  In  the  new  emitter, 
the  barium  source,  consisting  of  a  mixture  of  normal  and  basic  barium 
aluminates,  is  dispersed  within  the  pores  of  the  tungsten  body,  thus 
eliminating  the  need  for  the  large  cavity  reservoir.  As  a  result,  cath¬ 
ode  construction  is  greatly  simplified,  most  thermal  problems  elimi¬ 
nated,  and  the  range  of  sizes  and  shapes  in  which  the  cathode  can  be 
fabricated  is  vastly  increased.  Furthermore,  the  elimination  of  the 
carbonate  as  the  barium  source  allows  very  rapid  processing  on  the 
pumping  system. 

The  impregnated  cathode  has  created  a  great  deal  of  interest  in  the 
electron  tube  industry  in  the  United  States  and  abroad;  and  it  is  now 
beginning  to  be  introduced  in  a  number  of  commercial  tubes,  in  par¬ 
ticular,  magnetrons,  klystrons  and  travelling  wave  tubes.  Although  the 
original  version  of  the  impregnated  cathode  is  gaining  wide  acceptance, 
this  cathode  delivers  an  emission  density  significantly  lower  than  the 
L-cathode  at  equal  operating  temperature.  Since  the  rate  of  barium 
evaporation  from  the  impregnated  cathode  is  sufficiently  high  so  as  to 
maintain  complete  coverage  of  the  emitting  surface  with  a  monolayer 
of  barium,  the  relatively  lower  emission  represents  a  paradox  which 
has  not  yet  been  fully  explained. 

As  a  result  of  further  work,  a  greatly  improved  version  of  the  origi¬ 
nal  impregnated  cathode  has  now  been  developed.  It  has  been  found  that 
by  changing  somewhat  the  impregnation  technique  and  by  adding  cal¬ 
cium  oxide  to  the  mixture  of  aluminum  oxide  and  barium  oxide  previ¬ 
ously  used,  the  resulting  cathode  has  the  following  advantages  over  its 
predecessor. 

First,  the  emission  current  density  obtainable  at  any  given  tempera¬ 
ture  has  been  increased  by  a  factor  of  about  four. 


Second,  the  aging  process  (after  removal  from  the  pumping  system) 
required  to  yield  full  and  stable  emission  has  been  cut  to  a  few  hours 
as  compared  to  the  previously  required  time  of  three  days. 

Third,  the  rate  of  barium  evaporation  has  been  lowered  at  equal 
operating  temperature;  since,  however,  lower  (grating  temperatures 
are  now  required  to  obtain  the  same  emission  current  (fensities,  the 
barium  evaporation  rate  for  comparable  emission  density  is  further 
reduced  by  a  factor  of  about  eight.  Furthermore,  the  lower  cathode 
temperature  required  to  obtain  a  given  current  density  results  in  im¬ 
proved  life  for  both  cathode  and  heater. 

The  true  (temperature  dependent)  work  function  of  the  improved 
emitter,  as  determined  from  a  typical  diode,  is  2.12  ev  at  1410*^K,  its 
temperature  coefficient  being  3.2  x  10~*  ev /degree.  The  correspond¬ 
ing  values  for  the  old  impregnated  cathode  are  2.34  ev  and  5.45  x  10~* 
ev/degree.*  The  physical  structure  of  the  improved  emitter  remains 
identical  to  that  of  the  original  impregnated  cathode;  therefore,  all  of 
the  latter's  advantages  over  the  L- cathode  are  retained. 
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CHEMICAL  PROCESSES  IN  THIN- FILM  DISPENSER  CATHODES 

R.  C.  Hughes  and  P.  P.  Coppola 

Philips  Laboratories 
Irvington-on- Hudson,  New  York 


Announcement  of  the  *L*  cathode  and  demonstration  of  its  unusual 
capabilities  as  a  source  of  high-density  continuous  emission  has  stimu¬ 
lated  renewed  interest  in  thin-film  dispenser  cathodes.*  Much  of  this 
new  interest  has  been  directed  toward  the  development  of  solid  cath¬ 
odes  in  which  a  reserve  supply  of  barium  materials  is  dispersed  within 
a  matrix  of  porous  metal. 

A  consideration  of  the  chemistry  of  various  systems  involving  re¬ 
fractory  metals  and  barium  compounds  has  led  to  the  development  of 
improved  cathodes  of  the  solid  t3n;>e  and  indicates  the  reasons  for  poor 
performance  of  many  priorly  suggested  compositions  selected  at  ran¬ 
dom  without  knowledge  of  their  chemical  properties. 

It  has  been  proposed  that  elementary  barium  generated  by  reduction 
of  BaO  by  tungsten  is  responsible  for  activation  of  the  *L*  cathode.  It 
has  been  shown  that  this  reaction  is  of  the  type: 

6BaO  -t-  W  -  BatWOe  +  3Ba 

It  has  also  been  shown  that,  in  solid  cathodes  having  the  barium  com¬ 
pound  dispersed  in  the  refractory  metal  matrix,  the  barium  source 
must  not  contain  excess  oxygen  over  that  present  in  barium  oxide. 
Oxidizing  compounds  react  with  production  of  no  free  barium,  as  typi¬ 
fied  by  the  reaction  of  barium  carbonate: 

3BaCO«  +  W  -*  BatWOs  +  3CX) 

Since  BaO,  upon  air-exposure,  is  rapidly  converted  to  carbonate,  its 
use  is  also  generally  undesirable.  The  barium  compound  chosen  for 
solid  dispenser  cathodes  must  therefore  provide  an  air- stable,  non¬ 
oxidizing  source  of  barium  oxide  (or  barium). 

The  reduction  of  BaO  by  various  refractory  metals  to  produce  ele¬ 
mentary  barium  involves  an  increase  in  free  energy  of  the  system. 
Thus,  based  on  the  thermodynamic  principle  that  reaction  tends  to  pro¬ 
ceed  in  the  direction  of  minimum  free  energy  of  the  system,  these  re¬ 
actions  are  thermod]rnamically  improbable.  The  reaction  wiU  not 


*A  thin-film  dispenser  cathode  is  defined  as  that  type  of  thermionic 
emitter  in  which  activating  materials  contained  within  a  reservoir  are 
continuously  fed  to  an  emitting  surface  to  form  an  adsorbed  monolayer 
constituting  a  dipole  which  lowers  the  work  function  of  the  surface. 
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produce  barium  in  its  standard  state;  rather  equilibrium  in  the  revers' 
ible  reaction: 


6BaO  W  ^  Ba«WOe  +  3Ba 

is  established  at  a  very  low  barium  pressure  determined  by  the  free 
energy  change,  and  expressed  by: 

AF  =  -RT  In 

Reaction  can  therefore  proceed  only  to  the  extent  that  barium  evaporates 
from  the  system,  or  is  otherwise  removed.  The  energetic  adsorption  of 
barium  by  the  refractory  metal  constitutes  an  effective  means  of  re¬ 
moval,  while  evaporation  can  occur  at  a  maximum  rate  determined  by 
the  equilibrium  barium  pressure. 

The  barium  pressures  produced  by  some  of  the  refractory  metals  in 
contact  with  barium  oxide  are  sufficiently  large  to  cause  excessive  bari¬ 
um  evaporation.  Thus  tungsten-barium  oxide  dispersions  evaporate 
barium  rapidly,  and  have  a  short  life,  while  molybdenum  reacts  rela¬ 
tively  slowly,  producing  a  more  durable  emitter.  The  maximum  rate  at 
which  barium  may  evaporate  from  the  cathode  can  thus  be  fixed  at  one 
of  several  inflexible  values  predetermined  by  selection  of  the  refractory 
matrix*.  Further  control,  first  demonstrated  experimentally,  can  be 
obtained  by  alloying  an  active  reducing  agent  with  a  metal  producing  no 
significant  barium  pressure.  The  equilibrium  barium  pressure  over 
the  alloy  may  be  shown  to  be  equal  to  the  calculated  pressure  over  a 
pure  phase  of  the  active  metal  multiplied  by  the  activity  of  the  reducing 
constituent  in  the  alloy.  Thus,  by  varying  the  composition  of  the  alloy, 
the  equilibrium  pressure  may  be  varied  in  a  smooth  manner  between 
the  limits  imposed  by  the  two  constituents  of  the  alloy.  In  general,  this 
permits  the  attainment  of  any  desired  barium  pressure. 

A  variety  of  barium  compositions  have  been  considered  as  air-stable 
sources  of  barium  oxide.  In  general,  these  materials  produce  barium 
pressures  lower  than  those  given  by  barium  oxide;  their  use  requires 
adjustment  in  the  reducing  power  of  the  matrix.  Thus,  a  second  prin¬ 
ciple  of  dispenser  cathode  formulation  may  be  stated:  The  combination 
of  matrix  metal  and  barium  source  must  be  chosen  to  generate  barium 
at  an  appropriate  rate. 

Still  other  chemical  processes  are  of  interest.  For  considering 
these,  it  is  convenient  to  view  the  barium  source  as  initially  not  in  con¬ 
tact  with  the  metal  forming  the  matrix  (i.e.,  the  structure  of  the  “L" 
cathode). 

If  the  matrix  is  assumed  to  be  initially  perfectly  clean  (no  adsorbed 
oxygen),  and  barium  is  brought  onto  it,  the  barium  is  chemisorbed. 

This  condition,  unattainable  in  practice,  is  of  no  interest.  Barium 
brought  onto  tungsten  having  an  adsorbed  monolayer  of  oxygen  will  be 
chemisorbed  to  form  a  barium-on-oxygen-on-tungsten  dipole,  thus 


^Density  of  the  matrix  is  also  effective  in  impeding  escape  of 
barium. 
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activating  the  emitter.  If  the  tungsten  (or  other  refractory  metal) 
matrix  contains  a  free  phase  of  oxide,  the  sequence  of  reactions 

3Ba  +  WOi  -  3BaO  +  W 

and 

BaO  +  WOi  -  BaW04 

occurs,  consuming  barium  and  converting  it  to  an  inert  form.  Any  con¬ 
ditions  leading  to  initial  oxidation  of  the  matrix  are  therefore  to  be 
avoided. 

It  has  already  been  indicated  that  BaO  and  the  refractory  metal,  in 
bulk,  react  to  produce  free  barium.  However,  other  chemical  proc¬ 
esses  are  to  be  considered.  If  BaO,  in  less  than  monolayer  amount,  is 
brought  onto  an  oxygen-free  refractory  metal  surface,  chemisorption 
can  occur.  Such  chemisorption  occurs  with  a  large  decrease  in  free 
energy.  This  process  occurs  in  preference  to  the  chemical  reaction 
involving  an  increase  in  free  energy.  The  chemisorption  must  there¬ 
fore  proceed  to  the  formation  of  a  complete  monolayer  before  any  BaO 
can  react  chemically.  At  operating  tem})erature  of  the  cathode,  the 
chemisorbed  layer  is  mobile  and  diffuses  through  the  matrix  to  the 
emitting  surface.  This  process  produces  a  barium-on-oxygen-on  tung¬ 
sten  dipole,  thus  supplementing  the  dipole  produced  by  adsorption  of 
barium.  This  process  of  adsorption  and  transport  of  oxygen  (in  the 
form  of  BaO)  ensures  that  the  emitting  surface  will  assume  the  Ba-O-W, 
rather  than  Ba-W  composition.  The  depletion  of  surface  oxygen  is 
therefore  prevented  by  the  availability  of  BaO  to  the  matrix.  Barium 
sources  providing  only  elementary  bajrium  and  no  barium  oxide  are 
therefore  to  be  avoided. 

In  summary,  the  formulation  of  good  thin-film  dispenser  cathodes  of 
the  solid  type  requires  the  provision  of  an  air-stable,  non-oxidizing 
source  of  barium  and  barium  oxide,  and  the  selection  of  a  chemical 
system  (combination  of  barium  compound  and  metallic  matrix)  capable 
of  evolving  barium  and  barium  oxide  at  minimum  rate  essential  for  full 
activation  of  the  emitting  surface.  In  the  following  paper  the  emitter 
characteristics  realized  by  application  of  these  principles  are  indicated. 
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A  NEW  PRESSED  DISPENSER  CATHODE 

P.  P.  Coppola  and  R.  C.  Hughes 

Philips  Laboratories 
Irvington  on  Hudson,  New  York 

In  a  preceding  paper,  the  inherent  chemical  principles  involved  in 
dispenser  cathodes  have  been  discussed  in  detail.  Here,  only  the  ex¬ 
perimental  and  practical  phases  concerned  with  the  preparation  and 
properties  of  a  cathode  of  this  type  will  be  described. 

The  original  goal  was  to  produce  a  dispenser  cathode  through  the 
aiq>lication  of  standard  powder  metallurgy  techniques  wherein  a  barium 
compound  could  be  dispersed  throughout  a  porous  matrix  of  refractory 
metal.  In  this  manner,  it  was  believed  that  the  requirements  of  such  a 
cathode,  namely,  a  sufficient  but  controlled  slow  rate  of  barium  dis¬ 
pensed  to  the  emitting  surface,  could  be  met  easily  and  with  a  minimum 
cost  in  fabrication. 

In  the  early  stages  of  the  development  program,  a  large  variety  of 
alkaline  earth  compounds  were  combined  with  a  number  of  refractory 
metals  such  as  tungsten  and  molybdenum.  After  considerable  experi¬ 
mentation,  it  was  found  that  a  composition  consisting  of  tungsten  pow¬ 
der  mixed  with  a  basic  barium  aluminate  provided  a  cathode  of  high 
emission  density  and  moderate  life.  The  basic  barium  aluminate  was 
prepared  by  fusing  in  air,  a  mixture  containing  5  moles  of  barium  car¬ 
bonate,  and  2  moles  of  aluminum  oxide.  Improvement  in  the  evapora¬ 
tion  rate  sou^t  by  substituting  molybdenum  for  tungsten  was  unsuc¬ 
cessful.  Insufficient  barium  was  generated  and  consequently  very  low 
emission  was  obtained.  An  alloy  of  molybdenum  and  tungsten,  however, 
produced  sufficient  barium  to  provide  a  cathode  with  an  emission  cur¬ 
rent  similar  to  that  obtained  with  pure  tungsten,  but  with  a  diminution 
in  total  barium  evaporation. 

In  addition  to  the  recognition  of  a  proper  chemical  composition  for 
satisfactory  cathode  performance,  the  method  of  cathode  preparation 
was  improved.  The  new  technique  represents  a  considerable  effort 
toward  the  reduction  of  cost. 

The  cathodes  are  prepared  from  a  powder  mixture  of  basic  barium 
aluminate  and  molybdenum  alloy  containing  25%  tungsten.  The  powder 
is  introduced  into  an  inexpensive  tubular  molybdenum  sleeve  posi¬ 
tioned  in  a  suitable  die.  By  means  of  a  hydraulic  press,  70  tons  per 
square  inch  pressure  is  applied.  The  compact  is  ejected  from  the  die 
and  sintered  in  vacuum  at  a  temperature  of  ITSO^^C  brightness.  No 
further  operations  such  as  machining  and  polishing  are  necessary.  The 
high  sintering  temperature  produces  a  number  of  important  advantages. 
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The  basic  barium  aluminate  melts,  evolves  residual  gases,  and  homo¬ 
geneously  disperses  throughout  the  metal  matrix.  The  metal  particles 
sinter  to  themselves  without  appreciable  shrinking  and  simultaneously 
produce  excellent  bonding  with  the  molybdenum  sleeve.  An  essentially 
metallic,  mechanically  strong,  gas-free,  air-stable  cathode  capable  of 
rapid  activation  is  the  result.  The  structure  of  a  planar  cathode  pres¬ 
ently  being  made  is  shown  in  Fig.  1. 


Mo- W  alloy  with 
alkaline  earth  compound 
dispersed  in  the  pores 


Mo  disc 


r* — Rolled  Mo  sleeve 


Fig.  1— Planar  cathode 


For  evaluation,  cathodes  were  mounted  as  simple  diodes  and  proc¬ 
essed  on  a  vacuum  system  capable  of  providing  a  residual  pressure 
less  than  10~*  mm.  Cathodes  were  also  processed  on  a  vacuum  sys¬ 
tem  providing  a  residual  pressure  not  less  than  10~  *  mm.  Each  tube 
contained  a  *batalum*  gutter.  Life  tests  were  carried  out  at  a  cathode 
temperature  of  IISO^C.  Periodically,  emission  measurements  were 
made  using  pulse  techniques  (1000  volts,  100|/ second  pulse  length, 
20/second). 

Figure  2,  shows  curves  for  emission  density  measured  at  1020^0 
versus  life  in  hours  at  1130*^C  under  space  charge  conditions  (drawing 
ll  amps./cm'  continuously).  All  cathodes  represented  were  prepared 
with  the  basic  barium  aluminate  but  varying  in  respect  to  the  type  of 
metal  matrix  used.  A  range  of  l|  -  2  amps/cm‘  at  1020°C  and  about 
5  amps/cm‘  at  1130*^C  is  realized.  Tubes  life  tested  with  no  current 
drain  show  similar  results.  With  molybdenum  alloys,  a  pronounced 
increase  in  life  is  indicated  with  a  similar  emission  level  as  obtained 
in  the  use  of  [xire  tungsten.  The  effective  increase  in  life  is  due  to  a 
decreased  evaporation  rate  of  barium.  Chemical  tests  showed  that  the 
total  barium  evolved  with  a  molybdenum  alloy  containing  only  10%  by 
weight  of  tungsten  is  1/3  that  obtained  with  pure  tungsten. 

It  has  been  found  that  the  pulsed  and  D.C.  emission  current  obtained 
from  these  cathodes  are  similar.  Whenever  severe  heating  of  the 
anode  occurs  due  to  the  application  of  high  voltages  (500  volts  or  more) 
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Fig.  2— Emission  density  (pulsed  1000  v,  100  p  sec.  pulse 
length,  20/sec.)  measured  at  1020°C  vs.  life  in  hours  at  1130°C. 


gas  release  from  the  anode  temporarily  decreases  the  emission  cur¬ 
rent,  however,  recovery  is  rapid.  Upon  application  of  similar  voltages 
to  a  well  degassed  anode,  no  emission  decay  effects  have  been  observed, 
nor  has  there  been  any  noticeable  mechanical  deterioration  of  the  cath¬ 
ode  surface. 

Cathodes  processed  under  poor  vacuum  conditions  (10~‘  -  10~*  mm) 
were  subjected  to  severe  ion  bombardment  under  applied  anode  voltage. 
This  momentarily  decreased  the  emission;  however,  after  tip-off,  ac¬ 
tivation  time  and  emission  level  were  similar  to  cathodes  processed 
under  excellent  vacuum  conditions. 

Cathodes  that  were  exposed  to  one  atmosphere  of  air  for  several 
months  showed  no  weight  gain.  Although  the  activation  time  increased 
approximately  100%,  the  equilibrium  emission  level  was  not  decreased. 

Tests  on  cathodes  that  were  processed  in  the  usual  manner,  opened 
to  air  at  room  temperature,  and  reprocessed  showed  little  change  in 
activation  time  or  emission  level  for  at  least  five  exposures. 

Cathode  data  obtained  for  Schottky  and  Richardson  plots  showed  a 
work  function  of  1.7  e.v.  at  0°K  and  an  A  of  1.8  amps./cmVdeg.*. 

Figure  3,  shows  the  relationship  between  the  saturated  emission 
(Schottky  corrected)  and  cathode  temperature. 

In  the  foregoing  discussion,  the  rugged  nature  of  the  pressed  cathode 
has  been  demonstrated.  It  also  possesses  other  desirable  properties. 
Furthermore,  the  use  of  relatively  inexpensive  powder  metallurg;y  tech¬ 
niques  for  its  preparation  provides  a  cathode  of  low  cost. 


SATURATED  EMISSION,  Ampt/cm 
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THERMIONIC  EMISSION  EVALUATION  OF  SINGLE  CONSTITUENT 
ADDITIVES  IN  PURE  NICKEL  CATHODES 

Frederick  T.  Ifill  and  Edmund  S.  Mockus 

Raytheon  Manufacturing  Company 
Newton,  Mass. 


The  evaluation  of  an  oxide  coated  nickel  sleeve  has  generally  been 
carried  out  in  a  vacuum  tube  structure  in  which  the  cathode  sleeve  has 
always  contained  more  than  one  major  impiurity.  Also  the  other  metal¬ 
lic  components  which  are  contributing  to  the  build  up  of  migratory  im¬ 
purities*  in  the  cathode  sleeve  have  never  been  made  of  pure  nickel. 

This  work’  undertook  the  problem  of  evaluating  thermionic  emission 
in  a  diode  structure  in  which  all  the  metallic  parts  were  made  from  in¬ 
trinsically  pure  nickel  and  the  cathode  alloys  were  made  by  adding  pure 
metallic  constituents  to  the  same  intrinsically  ptire  nickel  used  in  the 
fabrication  of  the  parts. 

The  program  for  preparation  of  the  pure  nickel  was  carried  out  by 
National  Research  Corporation,  Cambridge,  Mass.*  The  process  in¬ 
volved  dissolving  Mond  nickel  pellets  in  hydrochloric  acid,  removing 
the  metallic  impurities  by  chemical  separation  and  then  plating  out  the 
nickel  from  the  nickel  chloride  solution.  The  nickel  was  further  puri¬ 
fied  by  vacuum  melting  to  reduce  the  volatile  metallic  content  and  gas 
content. 

The  reducing  impurities  generally  found  in  cathode  alloys  are  sili¬ 
con,  magnesium  and  titanium.  The  three  elements  were  selected  for 
evaluation.  Tungsten,  aluminum  and  molybdenum  were  added  to  this. 

The  single  constituent  alloys  were  prepared  by  vacuum  melting  the 
pure  nickel  ingots,  adding  the  appropriate  charge  of  the  alloying  ele¬ 
ment  and  then  vacuum  casting  the  alloy. 

The  impurity  content  of  the  pure  nickel  and  the  nickel  alloys  was 
controlled  by  spectrographlc  analysis  at  each  stage  of  preparation  and 
fabrication. 

The  six  elements  to  be  studied  were  added  to  the  pure  nickel  in  the 
following  concentrations  (determined  by  analysis). 


1.  SiUcon 

0.123% 

0.50% 

— 

2.  Magnesium 

0.013% 

0.064% 

0.092% 

3.  Titanium 

0.13% 

0.37% 

0.53% 

4.  Tungsten 

2.94% 

4.36% 

6.67% 

5.  Aluminum 

0.098% 

0.255% 

0.500% 

6.  Molybdenum 

0.99% 

2.09% 

2.90% 
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The  structure  used  for  emission  studies  is  a  plane  parallel  diode, 
ASTM  construction,*  to  which  has  been  added  a  tungsten  wire  welded 
to  the  inside  of  the  cathode  sleeve  forming  a  hingsten- nickel  thermo¬ 
couple.  Each  single  constituent  alloy  -  tungsten  thermocouple  was  cali¬ 
brated  against  a  platinum- platinum  10%  rhodium  thermocouple.  The 
temperature  calibrations  were  used  to  assure  uniform  processing  at 
exhaust  and  activation  and  for  emission  testing. 

Two  lots  of  eight  tubes  each  were  fabricated  for  each  cathode  alloy 
sleeve.  The  tubes  were  exhausted  m  the  conventional  manner  with 
cathode  temperature  control.  One  lot  was  exhausted  at  a  peak  cathode 
temperature  of  1175°C  and  the  other  lot  at  1250°C.  Activation  was 
carried  out  by  heating  the  cathode  for  ten  minutes  at  1125°C  if  ex¬ 
hausted  at  117S°C  and  at  1175°C  if  exhausted  at  1250^^0. 

Each  lot  of  diodes  was  lifed  for  1000  hrs.  at  6.3  volts  on  the  heater 
(approx.  800°C)  and  100  volts,  thru  a  1000  ohm  resistor,  to  the  anode. 
The  current  drain  under  these  conditions  was  approximately  60  mAm- 
peres  or  120  mAmperes/sq.  cm. 

The  tubes  were  tested  at  life  intervals  of  16,  50,  100,  250,  500  and 
1000  hrs. 

At  testing  the  work  factor*  was  determined  by  use  of  the  following 
empirical  form  of  Richardson's  equation. 


where  i  =  emission  density 

a  =  1.2  X  10*  amps  /cm*  empirical  thermionic  constant 
£  =  electronic  charge 
^  =  empirical  work  factor 
k  =  Boltzmann’s  constant 
T  =  temperature  in  degrees  K 

In  the  temperature  range  used,  the  work  factor  was  0.164  electron  volts 
higher  than  the  Richardson  work  function  and  the  *a*  value  was  6  x  10* 
times  the  Richardson  A  value. 

The  work  factor  was  determined  by  measuring  the  saturated  emis¬ 
sion  current  at  450°C  and  360°C.  Since  previous  experience  showed 
what  the  “a"  value  should  be,  the  work  factor  was  determined  from  an 
emission  versus  temperatime  curve,  the  slope  of  the  curve  being  the 
work  factor.  The  difference  between  work  factors  at  the  two  tempera¬ 
tures  was  not  large  for  any  alloy  studied  with  the  exception  of  the  4% 
and  6%  tungsten  nickel  alloy.  This  showed  that  1.2  x  10*  amp/cm*  was 
a  good  choice  for  an  *a*  value.  The  tungsten  alloy  had  an  *a*  value 
below  that  of  the  other  alloys. 

Work  factors  were  first  evaluated  for  the  pure  nickel  alloy  which 
was  to  be  used  as  a  control  lot  for  each  alloy  tested.  But  the  pure 
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nickel  cathode  failed  completely  after  500  hours  of  life.  A  699  alloy 
cathode  was  substituted  and  used  as  the  control  lot  for  each  single  con¬ 
stituent  alloy.  The  results  showed  that  the  control  lot,  699  alloy  (aver¬ 
age  of  144  tubes),  did  not  vary  more  than  ±  0.015  electron  volts.  The 
best  results  for  each  metallic  impurity  are  shown. 


Alloy 

Exhaust  T°C 

16 

TO 

100 

250 

500 

1000 

Pure  Ni 

1250 

1.29 

1.16 

1.14 

failed 

0.5%  Si 

1250 

1.09 

1.08 

1.09 

1.12 

1.16 

1.20 

0.092%  Mg 

1250 

1.09 

1.10 

1.11 

1.13 

1.17 

1.25 

6.0%  W 

1175 

1.10 

1.09 

1.12 

1.19 

1.19 

1.21 

0.3%  Ti 

1250 

1.06 

1.06 

1.06 

1.08 

1.12 

1.14 

0.5%  A1 

1250 

1.10 

1.10 

1.11 

1.17 

1.20 

1.23 

699  Alloy 

1250 

1.12 

1.11 

1.11 

1.14 

1.16 

1.22 

The  titanium  alloy  cathode  (0.3%  Ti)  showed  the  best  work  factor.  The 
silicon-nickel  alloy  (0.5%  Si)  showed  up  second  best.  Tungsten,  alumi¬ 
num  and  magnesium  were  slightly  better  than  699  alloy  for  the  first  500 
hours  of  life.  In  later  life,  the  699  alloy  would  be  preferred.  The  mo¬ 
lybdenum  nickel  alloys  were  very  poor  for  emission  from  16  to  1000 
hrs.  of  life  and  could  not  be  evaluated  by  this  method. 

Four  extra  diodes  from  each  lot  were  burned  at  6.3  volts  on  the  heat¬ 
er  (800°C)  at  cut-off  conditions.  These  tubes  were  read  for  interface 
resistance  using  the  Frost  bridge  method.  The  only  alloy  showing  inter¬ 
face  was  the  0.5%  Si-Nickel. 

Each  lot  of  tubes  was  measured  thruout  life  for  heater -cathode  leak¬ 
age.  The  conditions  of  the  test  were  6.3  volts  on  the  heater  and  100  volts 
D.C.  with  the  cathode  positive  and  negative  in  respect  to  the  heater.  The 
readings  were  all  in  the  range  of  one  ampere  and  below  for  all  al¬ 
loys  tested. 

A  special  diode,  using  a  bare  cathode  sleeve  opposite  a  target  mica, 
was  used  for  measurir.*^  changes  in  resistance  due  to  the  sublimed  ma¬ 
terial  deposited  when  the  cathode  sleeve  was  heat  treated  at  900°C. 

The  Mg-Ni  alloys  were  the  only  cathode  sleeves  showing  any  sublima¬ 
tion. 

In  summary,  it  can  be  said  that  the  pure  nickel  and  molybdenum 
nickel  showed  very  poor  emission  potential.  The  silicon,  magnesium, 
aluminum  and  timgsten  nickel  alloys  were  moderately  good  emitters. 

The  titanium- nickel  alloys  were  the  best  emitters  and  deserve  further 
study  in  other  vacuum  tube  structures. 
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APPUCATION  OF  AUTOMATIC  RECORDING  INSTRUMENTS 
TO  THE  MEASUREMENT  OF  EMISSION 

C.  D.  Richard,  Jr.,  and  R.  O.  Yeaton 

Superior  Tube  Company 
Norristown,  Pa. 


Automatic  recording  instruments  applied  to  the  measurement 
of  thermionic  emission  from  oxide  coated  cathodes  provide  new 
and  improved  data  for  interpreting  performance  characteristics 
of  vacuum  tube  cathodes.  Tbe  use  of  these  instruments  permits 
relatively  unskilled  personnel  to  obtain  accurate  electrical  meas¬ 
urements.  These  facts  have  been  proven  during  an  investigation 
of  the  applicability  of  these  instruments  to  emission  testing  con¬ 
ducted  in  the  Electronic  Laboratory  at  Superior  Tube  Company. 
The  measurements  were  made  on  the  ASTM  Standard  Diode  de¬ 
scribed  in  the  Tentative  Method  of  Test,  B270-52T.  The  di¬ 
odes  were  processed  on  exhaust  accord^  to  a  standard  sched¬ 
ule  to  facilitate  the  evaluation  of  cathode  nickel  alloys  as  a 
base  for  the  oxide  coated  cathodes.  In  some  separate  investi¬ 
gations  this  schedule  has  been  varied  to  determine  the  effect  of 
processing  upon  the  performance  of  the  cathode.  The  tubes 
have  then  been  life  tested  under  standardized  conditions.  The 
ag^ng  schedule  is  deliberately  omitted  in  order  to  show  the 
variation  in  emission  ciirrent  during  stabilization  of  the  tubes. 

Cathode  base  materiais  are  evaluated  with  respect  to  a  num¬ 
ber  of  performance  characteristics.  One  of  the  more  important 
of  these  characteristics  is  the  *rate  of  activation*  of  the  cath¬ 
ode.  This  determines  the  ease  with  which  vacuum  tubes  can 
be  processed  to  an  optimum  emission  characteristic.  In  the 
past,  an  estimation  of  the  rate  was  made  by  determining  the 
test  period  on  life  at  which  the  tubes  reached  their  optimum 
emission  stability.  This,  at  best,  is  a  very  crude  measure¬ 
ment.  Now,  with  the  emission  data  plotted  continuously,  by  a 
recording  potentiometer,  especially  during  the  early  life  hours, 
the  rate  of  activation  is  accurately  depicted.  The  differences 
in  activity  between  the  various  cathode  nickel  alloys  are  em¬ 
phasized  when  the  aging  process  is  omitted.  This  activation 
characteristic  is  shown  for  several  active  and  passive  cathode 
nickel  alloys  indicating  that  a  differentiation  can  be  made. 
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This  type  of  measurement  is  not  only  interesting  from  the 
stan(4x>int  of  evaluating  cathode  base  metals,  but  has  also  been 
used  to  determine  the  effects  of  variations  in  processing.  The 
emission  level  and  early  hour  slump  are  somewhat  dependent 
upon  both  the  exhaust  processing  and  the  subsequent  aging.  A 
continuous  measurement  of  emission  current  under  standard  op¬ 
erating  conditions  for  a  few  hours  shows  whether  or  not  the 
best  combination  of  exhaust  and  aging  schedules  has  been  used 
for  the  particular  cathode  nickel  alloy  and  tube  type  under  test. 

The  instrument  commonly  referred  to  as  an  X-Y  plotter  was 
also  investigated.  This  instrument  automatically  plots  the  effect 
of  two  variables  as  a  curve  on  rectangular  coordinate  paper. 

Any  two  variables  may  be  compared  providing  they  can  be  rep¬ 
resented  as  potential  differences.  Use  of  this  instrument  has 
made  possible  the  automatic  plotting  of  tube  characteristics,  es¬ 
pecially  the  static  emission  characteristic  of  the  Standard  . 
Diode. 

A  number  of  different  measurements  have  been  performed. 
These  include  the  variation  of  emission  current,  with  respect  to 
cathode  temperature;  the  variation  of  emission  current,  with  re¬ 
spect  to  heater  voltage;  and  the  variation  of  emission  current,  with 
respect  to  plate  voltage  at  constant  heater  voltage  settings.  The 
graph  of  emission  current  with  respect  to  cathode  temperature 
is  very  similar  to  the  graph  of  emission  current  with  respect 
to  heater  voltage.  This  relationship  between  emission  current 
and  heater  voltage  has  been  used  for  years  to  calculate  the  dc 
emission  figure  of  merit  for  the  evaluation  of  cathode  materi¬ 
als.  It  is  now  possible  to  obtain  this  emission  characteristic 
very  conveniently  and  accurately  by  using  the  automatic  plot¬ 
ting  techniques. 

The  plotting  of  emission  current  with  respect  to  plate  volt¬ 
age  provides  a  measure  of  the  stability  of  the  tube  and  there¬ 
fore,  the  completeness  of  the  activation.  This  is  accomplished 
by  measuring  the  variation  of  emission  current  as  the  plate 
voltage  is  increased  and  then  decreased.  For  a  completely 
stable  tube  both  of  these  curves  are  identical.  For  an  incom¬ 
pletely  activated  tube  the  decreasing  plate  voltage  traces  a 
higher  curve.  If  the  curve  produced  by  increasing  the  plate 
voltage  is  higher  the  tube  is  subject  to  a  slumping  character¬ 
istic  caused  either  by  overactivation  or  some  poisoning  effect. 
Therefore,  this  measurement  provides  another  method  for 
evaluating  tube  processing  schedules. 

The  investigation  of  automatic  instrumentation  has  made  pos¬ 
sible  the  accurate  measurement  of  cathode  performance  charac¬ 
teristics  such  as  *rate  of  activation”  and  *dc  emission  flg^ure 
of  merit”.  Other  investigators  have  measured  “triode  charac¬ 
teristics”  and  metallic  “sublimation”.  Further  development 


will  permit  reduction  in  the  amoimt  of  testing  by  providing  more  ac 
curate  measurements  and  better  control  of  processing.  All  of  this 
testing  can  now  be  performed  by  relatively  unskilled  personnel  as 
compared  to  that  required  by  other  methods. 


109 


Abstract  Number  67 


A  SIMPUFIED  GAS  ADSORPTION  METHOD  FOR  THE 
DETERMINATION  OF  THE  SURFACE  AREA 
OF  FINE  POWDERS 

Dominic  T.  Palumbo,  Forest  M.  Starkweather,  D.  J.  Bracco 

Chemistry  Laboratory 
Sylvania  Electric  Products  Inc. 

Flushing,  N.  Y. 


INTRODUCTION 

In  the  investigation  of  the  preparation  of  triple  carbonates  for  use  in 
oxide  cathode  studies  a  reliable  measure  of  the  surface  area  of  the  pre¬ 
pared  carbonates  is  required.  It  was  proposed  to  measure  the  area  by 
the  Brunnauer-Emmett- Teller  (B.E.T.)  gas  adsorption  method.  Com¬ 
parison  of  the  B.E.T.  measures  of  area  with  optical  and  electron  mi¬ 
croscope  examinations  of  triple  carbonates  shows  it  to  be  a  reliable 
method  for  the  materials  and  size  range  investigated  (0.07//  to  1.0//). 
The  major  drawback  of  the  B.E.T.  procedure  is  the  time  required  for 
a  determination.  At  least  two  working  days  elapsed  time  per  sample 
are  required  for  the  measurement.*  The  result  is  that  any  experimen¬ 
tal  program  which  depends  on  the  B.E.T.  measurements  is  correspond¬ 
ingly  slowed  down. 

In  preliminary  experiments,  such  as  those  where  various  procedures 
for  the  preparation  of  carbonates  are  surveyed,  a  surface  area  value 
within  25%  of  the  true  area  is  usually  sufficient  for  meaningful  results. 
A  simplification  of  the  method  to  reduce  the  time  per  determination  to 
about  one  hour  with  a  negative  error  no  gn^eater  than  10%  of  the  stand¬ 
ard  E.E.T.  value  is  presented  below. 

EXPERIMENTAL 

1.  Standard  B.E.T.  Adsorption  Method 

The  apparatus  used  for  the  determination  of  surface  area  is  of 
standard  design.  The  apparatus  and  procedure  have  been  described 
by  Emmett*  and  need  little  comment  here.  Emmett^  does  point  out, 
however,  that  the  slope  of  an  adsorption  curve  using  zero  intercept  and 
one  datum  point  is  usually  within  5%  of  the  slope  determined  from  three 
to  four  points.  With  a  shorter  outgassing  schedule  and  a  one  point  ad¬ 
sorption  together  with  other  modifications  described  below,  it  is  pos¬ 
sible  to  reduce  the  time  for  a  determination  to  one  hour. 


^Actual  operator  time  approximately  six  hours. 
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2.  Simplified  B.E.T.  Procedure 


i 

j 


The  apparatus  used  for  the  determination  was  the  same  as  in  the 
standard  method  excepting  that  the  sample  tube  position  is  fitted  with 
a  ground  glass  Joint.  This  eliminates  a  glass  sealing  operation  and  re¬ 
calibration  of  the  sample  tube  volume  for  each  run.  The  simplified 
procedure  contains  the  following  features: 

1.  Sample  tube  calibrated  for  volume  with  ground  glass  connection 
to  the  system. 

2.  Outgassing  of  the  sample  at  room  temperature  for  10-20  minutes 
to  a  pressure  of  1/i  or  less. 

3.  One  point  nitrogen  adsorption  run  near  15  cm.  pressure. 

4.  Assumed  zero  intercept  for  the  curve. 

The  accuracy  of  the  proposed  method  was  checked  by  determining 
the  surface  area  of  samples  of  interest  (phosphors  and  triple  carbon¬ 
ates)  by  both  procedures. 

COMPARISON  OF  THE  METHODS 

In  evaluating  the  methods  the  following  comparisons  were  of  interest: 

1.  Reproducibility  of  Each  Method 

Table  1  gives  a  comparison  of  the  reproducibility  of  the  methods. 

With  the  standard  method  the  average  deviation  was  0  to  1.8%;  for  the 
simplified  procedure  the  average  deviation  was  0.26  to  1.4%. 

2.  Agreement  of  Surface  Area  Values  Between  the  Two  Methods 

In  most  cases  it  was  found  that  the  simplified  B.E.T.  method  gave 
values  that  varied  less  than  10%  from  the  standard  value  (Table  H). 

Only  in  the  case  of  a  precipitated  ZnS  was  the  simplified  method  ap¬ 
preciably  in  error  (about  27%  low).  Also,  the  reported  values  are,  in 
all  but  one  case,  on  the  low  side  of  the  standard  B.E.T.  value.  Table  HI 
indicates  that  with  more  complete  outgassing,  the  values  by  the  simpli¬ 
fied  method  approach  those  by  the  standard  method. 

CONCLUSIONS 

1.  For  the  group  of  materials  investigated  (triple  carbonates,  zinc 
sulfide,  cadmium  sulfide,  zinc  silicate)  a  rapid  and  simplified  B.E.T. 
method  gives  surface  area  values  usually  within  10%  of  those  obtained 
by  the  standard  method. 

2.  Surface  areas  determined  by  the  simplified  method  are  usually 
lower  than  those  obtained  by  the  standard  method.  By  increasing  the 
time  and  temperahire  of  outgassing  the  rapid  method  gives  results 
more  closely  in  agreement  with  the  standard  value. 


Ill 


1.  P.  H.  Emmett,  Advances  in  Colloid  Science,  p.3.  Interscience  Pub¬ 
lishers,  Inc.,  New  York  (1942). 

2.  Ibid,  p.13. 


TABLE  I 

Reproducibility  of  Standard  and  Simplified  B.E.T.  Procedures 


Standard  Method 

Simplified  Method 

Sample 

Run 

No.l 

M*/gm 

Run 
No.  2 
M*/gm 

Avg. 

Dev.  Sample 
% 

Run 
No.  1 
M*/gm 

Run 
No.  2 
M*/gm 

Avg. 

Dev. 

% 

Triple 

Carbon¬ 

ate 

5.76 

5.74 

0.17 

Triple 

Carbon¬ 

ate 

2.45 

2.45 

0.00  ZnS 

20.5 

20.3 

0.78 

Triple 

Carbon¬ 

ate 

9.31 

9.00 

Triple 
Carbon- 
1.67  ate 

2.20 

2.23 

0.68 

CdS 

19.0 

19.1 

0.26 

TABLE  n 

Comparison  of  Standard  and  Simplified  B.E.T. 
Surface  Area  Determinations 


Material 

Standard  BET 
M*/gm 

Simplified  B.E.T. 
M*/gm 

Error  -  %of 
Standard  Value 

ZnS* 

0.30 

0.28 

-  6.7 

ZnS** 

27.9 

20.4 

-26.9 

ZnjSiOi 

1.26 

1.29 

+  2.4 

ZnaSiO* 

0.90 

0.84 

-  6.7 

CdS 

Triple 

20.9 

19.1 

-  3.9 

Carbonate 

Triple 

2.45 

2.21 

-  9.8 

Carbonate  5.74 

*  Fired  Sample 
** Precipitated  Sample 

5.20 

-  9.4 

Effect  of  Time  and  Temperature  of  Outgassing 
on  Surface  Area 


Time 

Minutes 

Temperature 

OC 

Simplified  B.E.T. 
MVgm 

Error  -  %of 
Standard  Value 

10 

25 

20.3  , 

>26.9 

30 

110 

24.2 

-13.4 

90 

140 

25.6 

-  9.4 

360 

140 

27.9* 

0 

^Standard  value:  outgas  two  hours  at  room  temperature,  four  hours 
at  140°C,  three  adsorption  points  for  curve. 
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THE  ELECTRICAL  PROPERTIES  OF  THE  OXIDE  CATHODE  COATING 
Ralph  Forman 

National  Bureau  of  Standards 


Over  the  years  many  theories  have  been  proposed  to  explain  oxide 
cathode  emission.  In  recent  years  only  two  physical  models  have  been 
seriously  considered  as  offering  a  suitable  explanation  for  this  phe¬ 
nomenon.  They  are  (1)  the  semiconductor  model  and  (2)  the  porous 
semiconductor  model  suggested  by  Loosjes  and  Vink.^  Below  about 
700°  K  both  theories  agree  that  the  oxide  cathode  has  semiconductor 
properties.  It  is  at  higher  temperatures  that  they  differ.  Using  the 
usual  methods  of  preparing  oxide  cathodes,  one  obtains  a  coating  which 
is  quite  porous.  According  to  Loosjes  and  Vink,  these  pores  become 
filled  with  an  electron  gas  at  high  temperatures.  If  an  electric  field 
is  then  applied  across  the  coating,  the  current  is  predominantly  due  to 
the  electron  gas  in  the  pores. 

There  has  been  considerable  controversy  in  recent  years  over  the 
relative  merit  of  the  two  models.  Hall  and  conductivity  measurements, 
which  are  commonly  used  in  analyzing  the  properties  of  semiconductors, 
offer  a  means  of  differentiating  between  the  two.  Hall  measurements  on 
oxide  cathodes  have  been  previously  reported  by  D.  A.  Wright^  and 
Y.  Ishihawa  and  collaborators.*  They  interpreted  their  results  using  a 
semiconductor  model,  but  a  number  of  anomalous  details  were  reported 
which  seem  inconsistent  with  this  model  such  as  (1)  high  electron  mo¬ 
bility  values  and  (2)  large  magnetoresistive  effects.  As  an  example  they 
foimd  electron  mobility  values  for  the  oxide  cathode  in  the  order  of 
2,000  cm* /volt  sec  at  a  temperature  of  1000°  K.  Pell*  reported  mobili¬ 
ty  values  less  than  10  cm*/volt  sec  at  800°  K  for  BaO  single  crystals. 
Since  BaO  is  considered  the  most  important  constituent  of  the  oxide 
cathode,  this  discrepancy  between  approximately  2000  and  10  should  be 
explained. 

The  experiments  which  were  undertaken  at  the  National  Bureau  of 
Standards  Tube  Laboratory  had  the  following  objectives.  First  to  see 
if  data  similar  to  that  of  Wright  and  Ishikawa  could  be  obtained,  and 
secondly  to  extend  the  measurements  down  to  a  much  lower  tempera¬ 
ture  (about  500<>  IQ.  Previous  measurements  had  been  made  above 
700°  K,  and  it  was  felt  that  a  valid  check  on  the  Loosjes  and  Vink 
model  could  only  be  made  if  the  measurements  were  made  over  the 
whole  temperature  range  in  which  they  claimed  the  transition  from 
porous  semiconductor  to  semiconductor  took  place.  These  measure¬ 
ments  have  been  made,  and  the  results  are  presented  below. 
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The  oxide  cathode  coatings  studied  were  double  carbonates  (barium, 
strontium)  for  which  the  deposition  was  controlled  so  as  to  produce  a 
marked  variation  in  porosity  from  sample  to  sample.  The  coatings 
were  deposited  on  slip  cast  bases*  of  very  pure  MgO  which  were  pro¬ 
vided  with  platinum  current  leads  and  voltage  probes.  A  Pt-Pt(13%  Rh) 
thermocouple  was  used  for  temperature  determinations.  The  finished 
units  were  mounted  in  tubes  and  were  processed  on  a  vacuum  system 
which  included  an  oil  diffusion  pump,  two  Westinghouse  metal  valves, 
thermocouple  and  ionization  gauges  and  an  ethane  gas  bottle.  Activa¬ 
tion  of  the  oxide  coatings  was  accomplished  by  treating  them  in  ethane, 
a  procedure  similar  to  that  described  by  Wright.*  The  use  of  an  elec¬ 
trometer  in  these  measurements  made  it  possible  to  extend  the  meas¬ 
urement:;  from  1000°  K  to  500°  K  even  though  the  resistivity  at  the 
latter  temperature  is  very  large. 

The  conductivity  and  Hall  data  obtained  could  be  interpreted  by  using 
the  porous  semiconductor  model.”  Curves  of  logarithm  of  the  conduc¬ 
tivity  versus  the  reciprocal  of  the  temperature  showed  the  characteris¬ 
tic  break  in  slope  noted  by  Loosjes  and  Vink.‘  Each  of  the  curves  of 
the  logarithm  of  the  Hall  coefficient  vs  the  reciprocal  of  the  absolute 
temperature  had  maximum  at  a  temperatiure  the  same  as  that  at  which 
the  break  in  the  conductivity  curves  occurred.  An  explanation  of  the 
results  will  show  that  the  1^1  voltage  at  high  temperatures  is  con¬ 
trolled  largely  by  conduction  through  the  pores;  while  on  the  other  hand 
the  Hall  data  at  low  temperatures  is  dependent  on  two  parallel  mecha¬ 
nisms  of  electrical  concoction;  namely,  semiconduction  and  conduction 
through  pores. 

Magnetoresistive  measurements  on  the  samples  were  also  made. 
These  measurements  consist  of  measuring  the  change  in  resistance  of 
the  cathode  coatings  when  a  magnetic  field  is  applied  perpendicuLur  to 
the  direction  of  current  flow.  Very  larg;e  magnetoresistive  effects  were 
observed.  In  some  samples  the  resistance  increased  by  a  factor  of  10 
when  a  magnetic  field  of  500-1000  gauss  was  ajqpLled.  The  possible  ex¬ 
planation*  of  the  large  magnetoresistive  effect  at  a  comparatively  low 
magnetic  field  strength,  which  is  offered  by  the  pore  conduction  theory, 
will  be  discussed. 

The  magnitude  of  the  mobility  of  the  charged  carriers  in  the  porous 
cathode  coatings  was  high  at  temperatures  about  700°K.  These  values 
were  computed  from  the  relation  /i  =  a  Rg  where  u  is  the  mobility, 

<T  the  conductivity  and  Rg  the  Hall  coefficient.  These  large  values 
are  consistent  with  the  theoretical  interpretation  of  mobility  based  on 
the  pore  conduction  model.  At  lower  temperatures  the  values  for  mo¬ 
bility  drop  by  orders  of  magnitude  and  approach  values  which  are  con¬ 
sistent  with  measurements  on  single  crystals  of  BaO*. 

In  conclusion,  it  is  felt  that  the  experimental  results  obtained  in 
this  investigation  indicate  the  following  physical  model  for  the  oxide 
cathode  coating.  At  high  temperatures  the  mechanism  for  electrical 
conduction  is  predominantly  pore  conduction.  At  about  700°  K  there  is 
a  transition  range  where  two  equivalent  mechanisms  exist,  namely  that 


of  pore  conduction  and  semiconduction.  At  a  temperature  of  500^  K 
semiconduction  predominates. 
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ACTIVATION  OF  AN  OXIDE  CATHODE  BY  Ba,  Sr,  Ca,  AND  Mg 
DEPOSITED  VIA  A  MASS  SPECTROMETER 

R.  M.  Matheson  and  R.  H.  Plumlee 


Nergaard^  has  recently  advanced  the  hypothesis  that  the  activity  of 
an  oxide  cathode  is  due  to  oxygen  vacancies  present  in  the  oxide  lattice. 
The  salient  features  of  this  hypothesis  are: 

1.  An  oxide  cathode  is  an  impurity  semiconductor 

2.  The  electron  donors  are  oxygen  vacancies  containing  two  elec¬ 
trons,  i.e.,  F-centers. 

3.  The  donors  are  mobile,  i.e.,  they  can  electrolyze  and  diffuse. 

4.  When  no  current  is  drawn  from  the  cathode,  the  donors  are  uni¬ 
formly  distributed  throughout  the  cathode. 

5.  When  current  is  drawn,  the  donors  electrolyze  away  from  the 
positive  surface  of  the  cathode,  leaving  a  donor-depleted  layer 
where  the  electronic  properties  approach  those  of  the  intrinsic 
material. 

6.  Under  equilibrium  conditions,  i.e.,  when  the  cathode  current  is 
stable,  the  electrolysis  of  donors  is  balanced  by  back  diffusion. 

Earlier  experiments^*  ^  *  have  indicated  that  depositing  Ba  on  the 
front  surface  of  a  cathode  results  in  a  marked  increase  in  the  activity 
of  the  cathode.  The  results  of  these  experiments  are  explained  by  the 
oxygen  vacancy  h]rpothesis.  Furthermore,  it  may  be  inferred  from  the 
hypothesis  that  the  increase  of  cathode  activity  should  be  independent 
of  the  means  employed  to  create  oxygen  vacancies  at  the  surface  of  the 
cathode.  The  present  experiments  were  performed  to  test  this  infer¬ 
ence.  If  oxygen  vacancies  can  be  created  by  depositing  Ba  on  the  cath¬ 
ode  surface,  then  it  seems  likely  that  deposition  of  other  alkaline  earth 
metals  should  also  produce  vacancies,  and  equal  changes  in  activity 
should  be  observed  whichever  metal  is  deposited,  provided  the  rate  of 
reaction  between  the  incident  ions  and  the  oxide  lattice  is  not  the  con¬ 
trolling  factor. 

The  experimental  arrangement  used  in  the  present  measurements 
has  been  described  previously.*  Mass  separated  beams  of  Ba"*;  Sr"*", 
Ca+,  and  Mg’*"  were  deposited  on  the  surface  of  the  cathode,  which  was 
coated  with  10  mg.  of  pure  BaO  per  cm’.  The  activity  of  the  cathode 
was  measured  by  observing  the  change  in  plate  current  with  a  fixed 
60-cycle  anode  voltage  applied.  As  in  earlier  experiments*  the  cath¬ 
ode  was  deactivated  prior  to  each  deposit  by  heating  to  1150°K  for  ten 
minutes  without  drawing  plate  current.  This  treatment  results  in  a 
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major  fraction  of  the  diode  voltage  drop  appearing  across  the  cathode 
coating.  To  insure  that  the  measurements  were  not  Influenced  by  the 
presence  of  background  gases  in  the  spectrometer,  the  plate  current 
of  a  second  diode  located  directly  behind  the  test  cathode  was  monitored. 
During  the  course  of  measurements  the  pressure  was  always  less  than 
2  X  10~'  mm  Hg.  and  the  activity  of  the  reference  cathode  remained 
constant. 

At  temperatures  of  QOO^K  or  greater,  the  cathode  activity  rises 
sharply  when  Ba  is  deposited  on  the  surface;  amounts  as  small  as  one 
one-hundredth  of  a  monolayer  causing  the  plate  current  in  the  diode  to 
rise  by  a  factor  of  two.  Continued  deposition  causes  a  slower  rise  in 
plate  current,  and  the  plate  current  finally  ai^oaches  an  asymptote. 
When  deposition  ceases,  the  plate  current  decays  slowly  to  a  final  value 
greater  than  that  before  deposition.  The  shape  and  ma^tude  of  the 
rise  and  decay  curves  were  the  same  within  experimental  error  for  all 
four  ions.  In  particular,  the  shift  in  the  final  asymptote  was  approxi¬ 
mately  proportional  to  the  number  of  monolayers  deposited  regardless 
of  which  ion  was  used. 

At  lower  temperatures  the  effects  of  deposition  are  much  more  com¬ 
plicated.  The  results  for  temperatures  in  the  range  750°  to  900°K  will 
be  described  briefly. 
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MASS  SPECTROMETRIC  STUDY  OF  THE  FIELD  DEPENDENT 
EVOLUTION  OF  CONSTITUENTS  OF  A  BaO  CATHODE 

R.  H.  Plumlee 
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Princeton,  N.  J. 


The  purpose  of  this  experiment  was  to  measure  the  dependence  of 
the  evolution  of  oxygen  and/or  Ba,  from  a  BaO  cathode,  upon  tempera¬ 
ture,  time,  state  of  activation,  duty  cycle,  and  upon  electric  field  pro¬ 
duced  across  the  BaO  coating  during  the  drawing  of  electron  emission. 

The  following  volatile  constituents  were  found  to  be  loosed  from  the 
BaO  cathode  by  application  of  positive  anode  voltages  to  the  electron 
collector:  Ha,  H3O,  Oa,  CO  and/or  Na,  and  COa.  For  H3O  the  incre¬ 
ment  in  HaO'*'  peak  height  produced  by  an  applied  anode  voltage  incre¬ 
ment  was  negative;  for  all  the  others  listed  above,  the  increment  was 
positive.  No  Ba  evaporation  was  foimd  for  temperatures  up  to  1085°K, 
the  highest  at  which  a  search  was  made  for  Ba.  The  Ba  evaporation,  if 
it  occurred,  was  concluded  to  be  fully  an  order  of  magnitude  less  than 
the  field-produced  Oa  evolution.  Field-produced  Increments  in  partial 
pressures  of  the  common  gas  species  listed  were  in  the  range  of  10~* 
to  5  X  10~*  mm  Hg.  Characteristic  build-up  curves  for  these  incre¬ 
ments  with  anode  voltage  on  and  decay  curves  for  the  increments  after 
anode  voltage  was  turned  off  can  be  represented  as  sums  of  two  or 
three  exponential  terms  with  time  constants  ranging  from  less  than  a 
second  to  many  minutes. 

The  asymptotic  values  of  the  field-produced  increment  in  the  COa'*' 
spectrum  peak  appear  to  be  proportional  to  the  background  COa  partial 
pressure.  The  asymptotic  values  of  the  decrement  in  the  Ha  O'*'  peak 
appear  to  be  proportional  to  the  square  of  the  background  HaO  partial 
pressure.  The  field-produced  Increments  increased  with  cathode  tem¬ 
perature.  The  “activation  energy*  derived  for  the  COa  increment  is 
the  same  as  the  literature  value  for  the  heat  of  dissociation  of  BaCOi. 

The  increments  showed  hysteresis  and  saturation  effects  when  the 
anode  voltage  was  varied.  Evidence  of  similar  behavior  was  simul¬ 
taneously  detected  in  the  electron  emission;  however,  there  was  no 
consistent  correlation  between  the  electron  emission  and  the  field- 
produced  Increments. 

Cathode  activity  was  found  to  respond  reversibly  and  within  a  few 
seconds  to  changes  in  HaO  partial  pressure  of  the  order  of  10~*  mm. 
Cathode  activity  showed  no  striking  response  to  similar  changes  in  Oa 
partial  pressure.  The  conditions  of  these  measurements  suggest  that 
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the  H2O  was  involved  indirectly  in  the  activation  of  the  cathode  by  par¬ 
ticipation  in  an  "equilibrium*  reaction  with  other  unidentified  species. 

Analysis  of  the  data  and  of  the  pumping  line  characteristics  suggests 
that  the  field-produced  increments  in  the  evolution  rates  of  the  various 
common  gas  species  from  BaO  were  actually  field-produced  shifts  in 
steady  state  (near  equilibrium)  partial  pressure  values.  The  time  con¬ 
stants  of  these  shifts  suggest  that  a  labile  equilibrium  exists  between 
the  vapor  phase  species  and  some  anionic  forms  or  fragments  of  them 
which  readily  occupy  the  vacant  oxygen  sites  of  the  BaO  crystal  and 
which  compete  with  the  oxygen  for  these  sites. 


Abstract  Number  71 


FACTORS  INFLUENCING  THE  PARTICLE  SIZE  IN  THE 
PREPARATION  OF  ALKALINE  EARTH  CARBONATES 

D.  T.  Palumbo,  D.  J.  Bracco  and  A.  K.  Levine 

Chemistry  Laboratory 
Sylvania  Electric  Products  Inc. 

Flushing,  N.  Y. 


The  effect  of  pH,  temperature,  and  concentration  on  the  particle  size 
of  precipitated  alkaline  earth  carbonates  is  shown.  Particle  size  is 
measured  by  gas  adsorption  and  checked  by  optical  and  electron  mi¬ 
croscopy.  Preparation  conditions  studied  are  such  as  to  give  a  range 
of  mean  particle  diameters  extending  over  three  orders  of  magnitude. 
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Abstract  Number  72 


PARTICLE  SIZE  MEASUREMENTS  OF  TELEVISION  PHOSPHORS 

J.  G.  Rabatin,  E.  S.  Palik  and  R.  H.  Gale 

Chemical  Products  Works 
General  Electric  Company 
Cleveland,  Ohio 


Particle  size  measurements  of  television  phosfdiors  are  of  great 
value  in  the  control  of  application  processes.  The  importance  of  con¬ 
trolling  the  quality  and  uniformity  of  phosphors  has  necessitated  the 
search  for  accurate,  fast  and  relatively  automatic  methods  for  particle 
size  analyses.  Several  methods  were  examined  extensively  to  determine 
limitations  of  each  method  and  its  practicability  for  use  in  the  particle 
size  analyses  of  television  phosphors.  All  methods  considered  require 
assumptions  to  be  made  in  regard  to  Stokes  Law  and  to  complete  dis¬ 
persion  of  the  phosphor  in  the  medium.  Thus  the  methods  must  be  con¬ 
sidered  as  relative  only.  In  general,  the  sub-sieve  size  range  of  1  to 
50  microns  can  be  covered. 

The  following  instruments  were  examined: 

(1)  The  Sharpies  Micromerograph  is  an  automatic  recording  instrument 
using  an  air  settling  medium. 

(2)  The  Roller  Particle  Analyzer  is  an  instrument  which  can  be  used  to 
isolate  size  fractions  by  means  of  a  stream  of  air  whose  velocity  is 
regulated  in  accordance  with  Stokes  Law. 

(3)  The  Andreasen  pipette  utilizes  a  liquid  medium  for  dispersion  of 
the  powders.  Samples  are  drawn  off  at  various  times  from  a  given 
height  then  dried  and  weighed  to  determine  size  distributions. 

(4)  The  automatic  recording  turbidimeter  requires  a  liquid  dispersing 
medium  and  as  based  on  the  postulate  that  the  absorption  of  light  is 
proportional  to  the  projected  areas  of  the  particles. 

(5)  The  automatic  recording  sedimentation  pan  utilizes  a  liquid  medium 
in  which  is  immersed  a  pan  attached  to  a  spring  which  extends  slightly 
as  particles  fall  on  the  pan.  A  shutter  attached  to  the  spring  moves  past 
a  parallel  light  path.  The  resulting  change  in  photocell  current  is  re¬ 
corded  automatically.  The  recorded  data  is  proportional  to  the  weight 
on  the  pan  and  is  easily  converted  to  weight  distribution  curves. 

(6)  The  Fisher  Sub-Sieve  Sizer  is  an  air  permeation  instrument  which 
requires  a  dry  sample  bed  packed  in  a  tube.  A  single  value  is  obtained 
which  is  related  to  the  total  siurface  area  of  the  phosphor  powder. 

A  comparison  of  the  results  obtained  by  the  methods  described  above 
is  listed  <n  Table  I.  The  results  clearly  indicate  that  wide  variations  in 
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the  cumulative  percent  weight  curves  were  obtained  using  these  meth¬ 
ods,  although  the  precision  of  each  method  is  good.  Invariably  the 
Micromerograph  results  indicate  much  lower  particle  size  distributions 
than  those  obtained  by  the  other  methods.  The  Roller  Particle  Analyzer 
curves  lie  between  the  Micromerograph  curves  and  the  sedimentation 
pan  curves.  The  results  obtained  with  the  Andreasen  pipette  are  in 
very  good  agreement  with  those  obtained  using  the  sedimentation  pan 
technique.  Comparison  of  the  results  of  the  turbidimeter  method  with 
the  results  of  the  other  methods  has  limited  value  since  the  turbidi¬ 
meter  data  must  be  converted  to  weight  distributions.  Since  different 
means  of  dispersion  are  used  in  each  method,  the  differences  in  the 
distribution  curves  are  due  partially  to  the  degree  to  which  each  dis¬ 
persing  technique  breaks  down  aggregates  and  agglomerates.  The  com¬ 
pressed  nitrogen  procedure  used  in  the  Micromerograph  method  is 
probably  the  most  forceful.  .  A  comparison  of  results  from  air  medium 
with  those  from  liquid  medium  is  difficult. 

The  Fisher  Sub-Sieve  Sizer  is  used  extensively  giving  particle  di¬ 
ameter  values  which  are  related  to  the  total  surface  of  the  powder.  A 
comparison  of  these  values  with  surface  average  diameters  obtained 
from  sedimentation  pan  and  Micromerograph  data  is  shown  in  Table  n. 
The  Fisher  APD*s  are  generally  larger  than  the  sedimentation  imui 
APD's.  This  fact  may  indicate  the  presences  of  voids  in  the  sample 
beds  used  for  the  sub-sieve  sizer  determinations.  The  Micromerograph 
values  are  lower  than  the  sedimentation  pan  values.  This  may  indicate 
that  the  Micromerograph  dispersing  tectmique  breaks  down  aggregates. 
The  Fisher  APIPs  correlate  poorly  with  the  weight  distribution  curves 
and  tend  to  g^ve  an  incomplete  description  of  the  fineness  of  the  phos¬ 
phor  powders. 


Abstract  Number  73 


POLYVINYL  ALCOHOL  FOR  PREPARATION 
OF  COLOR  TELEVISION  SCREENS 

C.  W.  SaltonstaU 

Research  Division,  I%oto  Products  Department 
E.  I.  du  Pont  de  Nemours  and  Co.,  Inc. 
Parlin,  New  Jersey 


The  properties  and  general  chemistry  of  pol3rvinyl  alcohol  as  used 
in  the  formation  of  phosphor  patterns  are  reviewed.  The  basic  applica¬ 
tion  method  depends  on  light  sensitivity  of  bichromate  containing  films 
formed  from  dispersions  of  phosphors  in  polyvinyl  alcohol.  Exposure 
through  a  photographic  negative  forms  a  latent  positive  image  which 
may  be  developed  in  water,  and  baking  then  removes  organic  material 
to  leave  a  phosphor  image. 

Polyvinyl  alcohol  is  a  synthetic  water  soluble  polyhydric  alcohol 
prepared  by  hydrolysis  of  polyvinyl  acetate.  The  degree  of  polymeriza¬ 
tion  and  hydrolysis  affect  such  physical  properties  as  solubility,  tensile 
strength  and  adhesion.  A  number  of  grades  differing  in  respect  to  these 
properties  are  commercially  available,  and  the  characteristics  of  typi¬ 
cal  examples  are  summarized. 


Abstract  Numl)er  74 


SCREEN  POTENTIAL  MEASUREMENTS  IN  CATHODE-RAY  TUBES 
J.  R.  Young 

General  Electric  Research  Laboratory 
%henectady,  N.  Y. 


It  has  been  known  for  many  years  that  during  normal  operation  the 
screen  of  a  cathode-ray  tube  sometimes  assumes  a  potential  other  than 
that  of  the  anode.  Various  methods  have  been  used  to  measure  the  po¬ 
tential  taken  up  by  an  insulating  material  under  electron  bombardment. 
However,  many  of  these  methods  cannot  be  employed  for  the  measure¬ 
ment  of  screen  potential  in  standard  cathode-ray  tubes.  Of  those  which 
can  be  used,  some  serious  disadvantages  are  present.  The  method  em¬ 
ployed  in  this  investigation,  the  Kelvin  vibrating  condenser  method,  has 
been  found  to  eliminate  many  of  the  disadvantages  encountered  previ¬ 
ously.  This  method  has  been  found  to  be  accurate  and  quite  easy  to  use. 
Extremely  sensitive  instruments  are  unnecessary— a  standard  vacuum 
tube  voltmeter  was  used  for  a  detector.  Measurements  can  be  made 
under  normal  operating  conditions  and  without  heating  the  face  plate. 

Screen  potential  measurements  have  been  made  on  cathode- ray  tubes 
having  screens  of  ZnS  powder  phosphor,  ZnS  vapor  deposited  phosphor 
and  bare  glass.  Results  are  similar  in  many  respects  to  those  obtained 
by  previous  observers.  In  every  case,  the  screen  remains  very  close 
to  the  anode  in  potential  for  low  anode  voltages,  but  at  higher  anode 
voltages  the  screen  may  be  several  kilovolts  negative  with  respect  to 
the  anode.  It  has  been  found  that  “sticking*  in  the  usual  sense  does  not 
occur  except  in  the  case  of  bare  glass.  It  is  believed  that  the  smooth¬ 
ness  of  the  surface  is  an  important  factor  in  determining  whether  or  not 
a  material  will  stick.  In  the  cases  where  sticking  did  not  occur,  a  linear 
relationship  was  found  to  exist  between  the  screen-anode  potential  dif¬ 
ference  and  the  anode  voltage. 
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Abstract  Number  75 


POSITIVE  ION  PRODUCTION,  ION- FOCUSSING  nELDS 
AND  X-BURN  IN  COMMERCIAL  CATHODE-RAY  TUBES 

W,  A.  Thornton 

General  Electric  Research  Laboratory 
Schenectady,  N.  Y. 


Under  the  conditions  leading  to  internal  electrostatic  fields  in 
cathode-ray  tubes,  ion  acceleration  and  focussing  will  occur.  The 
producti<Mi,  acceleration,  and  focussing  of  positive  ions  under  these 
conditions,  and  phosphor  deterioration  by  the  ions,  are  considered  here. 

POSITIVE  ION  PRODUCTION 

Bombardment  of  residual  gas  by  high-energy  primary  electrons  and 
by  lower-energy  secondary  electrons  appears  to  be  the  major  positive 
ion  producing  process;  bombardment  of  tube  walls  by  secondaries  is 
probably  less  important.  By  comparison  to  the  yield  of  positive  ions  in 
a  typical  ionization  gage,  an  estimate  of  S  x  10~*  amperes  of  positive 
ion  current  to  the  phosphor  screen,  under  normal  operating  conditions, 
is  arrived  at.  Independent  determination  of  total  ion  flux  to  produce  de¬ 
tectable  phosphor  deterioration  (reduced  light  output)  predicts  onset  of 
ion  burn  in  a  few  hours,  particularly  if  ion-focussing  is  present.  Anode 
coatings  of  aquadag,  platinum,  silver,  aluminum,  metal-cone  tubes,  and 
tubes  in  which  most  of  the  anode  area  was  bare  glass  showed  no  signifi¬ 
cant  differences  in  ion  deterioration  of  the  i^iosphor  screens,  suggesting 
that  residual  gas  is  the  major  source  of  positive  ions.  Since  primary 
electron  flux  increases  rapidly  toward  the  rear  of  the  tube  volume, 
density  of  positive  ion  origin  is  expected  to  be  greater  there. 

POSITIVE  ION  FOCUSSING 

Where  a  screen-anode  potential  difference  exists,  geometrical  con¬ 
figurations  of  equipotential  surfaces  in  tubes  of  several  geometries  are 
considered.  In  a  round  tube— plane  and  cone  electrodes— positive  ion 
focussing  to  a  maximum  at  the  center  of  the  face  plate  is  indicated; 
this,  plus  the  greater  density  of  positive  ions  produced  at  the  rear  of 
the  tube,  and  tending  to  remain  near  the  axis,  results  in  the  observed 
diffuse  center  spot  of  ion  deterioration.  In  a  rectangular  tube,  four 
planes  of  symmetry  through  the  equipotential  surfaces  intersect  the 
face  plate  in  the  well-known  X-like  pattern.  In  a  triangular  tube,  simi¬ 
lar  reasoning  predicts  a  Y-pattern,  which  is  observed.  In  the  case  of 
underscanning,  if  the  raster  area  charges  to  a  potential  well  below  that 
of  the  unbomb^ded  screen  area,  four-cornered  symmetry  of  focussing 
fields  again  exists  and  the  X-like  pattern  may  occur  regardless  of  the 
tube  geometry. 
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X-BURN  IN  COMMERCIAL  TUBES 


X-burn  in  cathode-ray  tubes  is  a  decrease  in  electron- induced 
luminescence  as  a  result  of  bombardment  of  the  phosphor  screen  by 
focussed  positive  ions  travelling  at  some  velocity  above  a  certain 
minimum.  In  the  case  of  standard  TV  picture  tubes  with  settled 
screens  and  operated  at  typical  anode  voltage,  several  observations 
were  made; 

1.  X-burn  requires  sufficiently  high  screen-ani.«de  potential  difference, 
near  1-2  KV,  for  the  X-burn  deterioration  pattern  to  be  visible  in  the 
region  of  operating  voltage. 

2.  Sticking  of  the  screen  potential  does  not  occur  with  settled  screens 
because  of  the  field  dependence  of  the  effective  secondary  emission 
ratio.  Sticking  is  observed  only  with  smooth  surfaces. 

3.  There  was  no  observed  instance  when  a  considerable  AV  was  pres¬ 
ent  in  a  rectangular  tube  that  X-burn  did  not  rapidly  take  place. 

4.  X-burn  is  not  restricted  to  rectangular  tubes,  but  occurs  wherever 
four-cornered  geometry  of  focussing  fields  exists. 

5.  The  X-burn  process  begins  earlier  in  tube  life  and  proceeds  more 
rapidly,  as  phosphor  coating  weight  is  decreased  below  the  standard 
weight  of  about  5  mg/cm^ 

6.  X-burn  occurrence  depends  upon  three  factors: 

a)  Positive  ion  production,  b)  ion  acceleration  and  focussing, 
c)  phosphor  sensitivity  to  ion  bombardment.  It  appears  most 
feasible  to  minimize  X-burn  by  elimination  of  the  ion  focussing 
fields  in  the  tube. 

7.  Maintenance  of  secondary  emission  of  phosphor  screens  aiq>ears  to 
be  the  major  problem,  since  typical  screens  show  secondary  emission 
properties  that  are  sidficiently  good  initially  to  maintain  the  tube 
field- free. 
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SECONDARY  ELECTRON  EMISSION  IN  CATHODE-RAY  TUBES 
A.  B.  Laponsky 

General  Electric  Research  Laboratory 
Schenectady,  N.  Y. 


The  process  of  secondary  electron  emission  is  utilized  in  establish¬ 
ing  the  screen  potential  of  a  number  of  cathode-ray  tubes  where  elec¬ 
trical  contact  to  the  bombarded  surface  cannot  be  made.  The  phenome¬ 
non  of  secondary  emission,  which  is  qualitatively  similar  for  all 
materials,  shows  a  rapid  rise  in  the  yield  (ratio  of  secondary  to  pri¬ 
mary  current),  the  attainment  of  a  maximum  and  a  subsequent  gradual 
decline  as  the  energy  of  the  bombarding  electrons  is  increased.  The 
requirement  that  the  effective  yield  be  unity  in  the  steady  state  deter¬ 
mines  the  screen  potential.  When  the  yield  is  greater  than  unity,  the 
screen  charges  to  the  potential  of  the  secondary  electron  collector  and 
as  this  potential  varies  the  screen  potential  follows.  As  the  electron 
energy  is  increased  to  the  region  where  the  yield  is  less  than  imity, 
the  screen  charges  to  a  potential  below  that  of  the  collector  giving 
unity  yield  in  the  steady  state. 

For  the  determination  of  the  secondary  emission  yield  of  insulating 
or  floating  targets,  two  pulse  methods  have  been  employed.  The  first, 
a  single  gun  method,  is  applicable  to  commercial  tubes.  This  method 
establishes  the  screen  potential  at  that  of  the  secondary  electron  col¬ 
lector  when  the  bombarding  electron  energy  is  in  the  range  to  give  a 
yield  greater  than  unity.  After  establishing  the  screen  potential,  sec¬ 
ondary  current  may  be  drawn  to  the  collector,  or  suppressed  by  pulsing 
the  collector  positive  or  negative.  Pulse  signals  corresponding  to  the 
difference  between  the  secondary  and  primary  currents  and  primary 
current  respectively  may  be  obtained  from  the  displacement  current  to 
an  external  conductor  on  the  face  of  the  tube.  The  yield  may  be  cal¬ 
culated  from  the  corresponding  pulse  heights  observed  on  a  cathode- 
ray  oscilloscope. 

The  second  method  establishes  the  target  potential  by  bombarding 
the  target,  by  means  of  an  auxiliary  gun,  with  low  energy  electrons  for 
which  the  yield  is  less  than  unity.  The  target  stabilizes  at  the  potential 
of  the  source  of  these  electrons.  Pulsed  ciurrents  which  correspond  to 
the  difference  between  the  secondary  and  primary  current  in  the  lead 
to  the  target  plate  may  be  observed  on  an  oscilloscope.  The  primary 
current  may  similarly  be  determined  when  the  collector  and  target 
plate  are  connected  together.  This  method  of  determining  the  yield 
requires  a  specially  designed  tube. 


The  utilization  of  these  methods  has  enabled  some  yield  studies  to 
be  carried  out.  It  has  been  found  that  the  secondary  electron  yield  is  a 
function  of  the  past  history  of  the  phosphor  screen,  the  yield  dropping 
with  increased  time  of  electron  bombardment.  In  addition,  the  vacuum 
baking  of  the  phosphor  screen  influences  the  yield  in  a  manner  that 
causes  it  to  decrease  as  higher  temperatures  are  employed.  Vacuum 
baking  does  not  necessarily  remove  deterioration  which  occurred  under 
electron  bombardment. 

While  the  magnitude  of  secondary  emission  might  be  expected  to  de¬ 
pend  only  on  the  material  under  investigation  and  the  electron  bombard¬ 
ing  energy,  evidence  has  been  obtained  showing  a  small  but  definite  de¬ 
pendence  of  yield  on  collecting  potential.  On  a  standard  television 
phosphor  in  a  standard  television  tube  bulb,  the  variation  in  yield  with 
respect  to  collecting  potential  was  found  to  be  1.78*  10"*  volts"‘  at 
14,000  ev  bombarding  energy.  Hence,  in  the  vicinity  of  unity  yield  the 
actual  yield  could  be  increased  to  1.09  by  the  occurrence  of  a  collecting 
potential  of  500  volts.  The  variation  of  yield  with  collecting  potential  is 
believed  to  be  a  consequence,  at  least  in  part,  of  the  rough  surface  pre¬ 
sented  by  a  powdered  phosphor  screen  and  leads  to  the  absence  of 
“sticking*  in  the  true  sense. 

While  secondary  emission  is  a  fundamental  process  occurring  in 
cathode-ray  tubes,  both  the  process  and  the  yield  measurements  seem 
sufficiently  complex  that  actual  screen  potential  determinations  offer 
more  direct  information  in  evaluating  actual  tube  performance. 
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Abstract  Number  78 


INJECTION  AND  EXTRACTION  * 

Ralph  Bray 

Purdue  University 
Lafayette,  Indiana 


On  both  p-  and  n-type  Ge,  contacts  may  be  made  which  iiave  low  re¬ 
sistance,  but  which  may  greatly  enhance  minority  carrier  >  oncentra- 
tion  by  injection,  or  almost  completely  deplete  it  by  extraction/  Or¬ 
dinary  minority  carrier  injection  into  germanium  from  a  metal  contact 
is  attributed  to  the  existence  of  a  surface  inversion  layer,  i.e.  a  layer 
of  qpposite  type  to  that  in  the  interior.  For  extraction,  we  postulate  a 
surface  layer  of  the  same  type  (p  or  n)  but  more  extrinsic  (pf  or  n+) 
than  the  bulk  semiconductor.  Here  then,  the  minority  carrier  concen¬ 
tration  is  small  at  the  contact.  With  forward  current,  a  deficit  concen¬ 
tration  of  minority  carriers  is  propagated  into  the  interior.  The  net 
result  is  a  depletion  of  hole-electron  pairs  in  the  interior.  Complete  . 
extraction  of  hole-electron  pairs  originating  either  by  thermal  or  opti¬ 
cal  generation  may  be  attained  if  the  following  two  conditions  are 
satisfied:  (1)  the  sweep  field  in  the  sample  must  be  high  enough  so  that 
transit  time  for  minority  carriers  is  much  less  than  the  lifetime,  and 
(2)  the  minority  carrier  flux  across  the  forward-biased  contact  must 
approach  zero. 

Highly  injecting  and  almost  completely  extracting  contacts  to  Ge 
have  been  made  as  follows:  the  Ge  siurface  is  first  groimd,  then  strong¬ 
ly  etched.  Soldering  at  just  above  the  melting  point  of  the  solder,  g^ives 
with  pure  Sn  or  In,  highly  injecting  contacts  on  n-type,  and  extracting 
contacts  on  p-type  Ge.  Heating  the  soldered  contacts  to  about  SOO^C  in 
air  for  a  few  minutes  usually  does  not  change  the  In  contacts,  but  just 
reverses  the  behaviour  of  the  Sn  soldered  contacts  on  both  p-  and 
n-type  Ge. 

The  behaviour  of  the  contacts  may  be  tested  in  several  ways. 

(1) .  Photovoltaic  test.  Observation  of  polarity  of  open-circuit 
photovoltage  produced  by  intense  illumination  of  the  contact,  shows 
t’lat  the  metal  side  is  positive  for  an  injecting  contact  on  n-t3npe,  or  an 
extracting  contact  on  p-type  Ge.  Negative  metal  polarity  is  observed 
for  the  two  opposite  cases. 

(2) .  Bulk  resistance  modulation.  Application  of  forward  current 
decreases  bulk  resistance  for  injection,  but  increases  it  for  extraction. 
The  latter  effect  is  greatly  enhanced  if  the  Ge  is  illuminated,  or  for 
moderate  rise  above  room  temperature. 

*Work  supported  by  Signal  Corps  Contract. 
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(3).  Collector  Contact  current  modulation.  Injection  of  minority 
carriers  in  a  sample  on  which  a  collector  contact  is  operated,  produces 
an  increase  in  reverse  collector  current.  Extraction,  however,  pro¬ 
duces  a  decrease  in  collector  current. 

We  discuss  below  three  ways  in  which  highly  injecting  or  extracting, 
low  resistance  contacts  may  be  applied  to  devices. 

(1) .  Bulk  rectification.  Considerable  bulk  rectification  may  be  ob¬ 
tained  by  using  an  extracting  contact.  Such  rectification  is  not  due  to 
a  high  contact  resistance,  but  rather  to  modulation  of  the  bulk  resist¬ 
ance,  by  sweeping  out  hole-electron  pairs  from  the  bulk  for  one  direc¬ 
tion  of  the  current,  but  not  for  the  other  direction.  Such  rectification 
is  enhanced  by  illumination  or  by  moderate  rise  in  temperature,  con¬ 
trary  to  the  usual  contact  rectification.  One  design  for  such  a  rectifier 
consists  of  a  small  area,  low  resistance,  extracting  contact  on  a  slab 
of  Ge,  and  a  large  area,  low  resistance,  preferably  Injecting  base  con¬ 
tact.  The  Ge  should  be  close  to  intrinsic.  In  this  desigpi,  forward  bias 
on  the  small  area  contact  depletes  the  concentration  of  thermally  or  op¬ 
tically  generated  hole-electron  pairs  from  the  spreading  resistance  re¬ 
gion,  giving  enhanced  resistance.  Reverse  bias  gives  only  the  normal 
resistance  for  given  temperature  and  illumination.  Rectification  ratios 
at  10  volts  of  10 : 1  have  been  observed. 

(2) .  Base  Contact  control  of  collector  response.  The  injecting  or 
extracting  behaviour  of  a  low  resistance  base  contact  may  be  used  to 
greatly  influence  the  properties  of  a  collector  contact  on  a  diode  or  a 
transistor.  When  reverse  bias  is  applied  to  a  collector  contact,  con¬ 
siderable  sweep  field  may  exist  in  the  interior  especially  if  the  collec¬ 
tor  reverse  resistance  is  lowered  permanently  by  forming,  or  tempo¬ 
rarily  by  illumination  or  heating.  This  sweep  field  operates  the  l>ase 
contact  in  the  forward  direction,  which  may  therefore  be  producing  in¬ 
jection  or  extraction.  The  base  contact  injection  may  greatly  enhance 
the  collector  current,  thereby  decreasing  reverse  resistance  and  peak 
back  voltage.  Base  contact  extraction  may  reduce  collector  current, 
thereby  increasing  collector  resistance  and  peak  back  voltage.  This 
was  demonstrated  for  given  collector  contacts  by  observing  their  char¬ 
acteristics  with  respect  to  separate  injecting  and  extracting  base  con¬ 
tacts  on  the  Ge  slab.  A  particularly  interesting  aiqplication  results 
from  combining  a  high  resistance  collector  contact  with  a  highly  in¬ 
jecting  base  contact.  In  the  dark,  the  collector  reverse  current  even 
at  100  volts  may  be  too  low  to  permit  base  injection.  Illumination,  al¬ 
though  directly  increasing  reverse  current  by  a  factor  of  only  two  or 
three,  opens  the  gate  to  base  injection  which  may  drop  the  peak  voltage 
to  about  10  volts,  and  increase  the  reverse  current  to  several  hundred 
milliamperes.  An  auxiliary  emitter  contact  may  be  substituted  for  the 
light  source,  so  that  an  electrical  rather  than  an  optical  trigger  may  be 
used. 

(3) .  Auxiliary  Extracting  Contact.  The  properties  of  a  diode  or 
transistor  may  be  modulated  with  an  auxiliary  extracting  contact,  which 
then  needs  its  own  bias  supply.  In  the  particular  case  of  a  p-t]rpe  Ge 
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diode,  illumination  may  greatly  enhance  the  reverse  current.  Sufficient 
forward  bias  on  the  auxiliary  extracting  contact  may  then  be  used  to 
sweep  out  the  excess  carriers  and  restore  and  even  enhance  the  initial 
high  reverse  resistance  of  the  diode. 

In  summary,  it  is  apparent  that  deliberate  control  of  the  properties 
of  the  base  contact,  or  use  of  auxiliary  injecting  and  extracting  con¬ 
tacts,  may  be  used  to  extend  the  degree  of  control  of  diodes  and 
transistors. 
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This  study  of  the  germanium-oxygen  phase  diagram  was  originally 
initiated  to  clarify  the  facts  relating  to  the  role  of  oxygen  in  the  proc¬ 
essing  of  germanium.  In  all  normal  operations  the  oxides  of  germanium 
are  present  to  a  variable  extent. 

The  phase  diagram  for  pure  Ge02  has  been  established  by  Lauben- 
gayer  and  Morton^ .  The  water  soluble  hexagonal  form  normally  en¬ 
countered  is  thermodynamically  stable  from  1035^  to  1115*^  C.  The 
insoluble  tetragonal  form  is  stable  below  1035°  C.  At  1115°  C.  the 
hexagonal  form  fuses  to  a  viscous  liquid  which  may  be  converted  to  a 
glass.  Above  650°C.  the  glass  devitrifys  to  hexagonal  Ge02.  The 
transformation  to  the  tetragonal  form  may  be  accelerated  by  a  hydro- 
thermal  process  below  500°C.  or  by  digestion  with  a  LiCl-KCl  flux 
between  500°  to  1000°  C. 

The  characteristics  of  solid  GeO  are  not  as  well  defined.  Sues  and 
V.  Wartenburg^  have  presented  evidence  that  an  amorphous  GeO  may 
be  prepared  which  disproportionates  above  700°  C.  to  Ge  plus  Ge02. 
Jolly  and  Latimer*  concluded  from  vapor  pressure  data  that  solid  GeO 
is  thermodynamically  unstable  at  all  temperatures  below  600°  C.  In 
1954  Hoch  and  Johnston*  presented  high  temperature  x-ray  data  which 
demonstrated  the  occurrence  of  a  solid  phase  reaction  between  Ge  and 
Ge02  at  elevated  temperatures. 

The  general  features  of  the  Ge-0  phase  diagram  were  determined 
by  heat  treating  mixtures  of  germanium  powder  with  hexagonal  and 
tetragonal  Ge02  at  800  to  960°  C.  followed  by  quenching  to  room  tem¬ 
perature.  A  static  nitrogen  atmosphere  was  used  to  suppress  the  GeO 
evaporation.  The  reaction  products  were  characterized  by  microscopic 
examination  and  x-ray  diffraction  powder  photographs. 

As  shown  in  Fig.  1  the  phase  diagram  is  characterized  by  a  eutectic 
at  870 1  10°  C.  having  a  composition  corresponding  to  61  atomic  per 
cent  oxygen.  From  870°  to  940°  C.  solid  germanium  is  in  equilibrium 
with  a  viscous  liquid  oxide  phase  containing  from  61  to  60  atomic  per 

*The  research  in  this  document  was  supported  jointly  by  the  Army, 
Navy,  and  Air  Force  under  contract  with  the  Massachusetts  Institute  of 
Technology. 

**Present  address:  Baird  Associates  Inc.,  Cambridge,  Mass. 
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cent  oxygen.  Above  the  germanium  melting  point,  940°  C,  the  system 
consists  of  two  immiscible  liquids:  Ge  and  an  oxide  phase  containing 
60  atomic  per  cent  oxygen.  It  is  interesting  to  note  that  Ge  powder  in 
contact  with  the  liquid  oxide  phase  recrystallized  to  form  platelet  and 
needle  crystals  with  well  defined  crystal  faces. 

On  the  Ge02  rich  side  of  the  phase  diagram  a  two  phase  field  exists 
within  which  the  liquid  oxide  phase  is  in  equilibrium  with  tetragonal 
GeOa.  The  heating  of  a  mixture  of  hex.  GeOa  and  Ge  containing  63.7 
atomic  per  cent  oxygen  to  870°  C.  resulted  in  fusion  to  a  liquid  phase. 
Prolonged  heat  treatment  of  this  liquid  phase  at  900°  C.  resulted  in  the 
precipitation  of  white  tetragonal  GeOa  crystals  within  the  liquid  matrix. 

The  heat  treatment  of  Ge  and  tetragonal  GeOa  mixtures  under  simi¬ 
lar  conditions  resulted  in  products  similar  to  those  obtained  with  the 
hexagonal  form;  however,  the  rates  of  the  reactions  were  appreciably 
slower  between  870°  and  940°  C. 

The  rapid  cooling  of  the  liquid  oxide  from  above  870°  C.’  to  room 
temperature  resulted  in  the  formation  of  a  black  glassy  solid.  This 
solid,  characterized  by  a  germanium  x-ray  diffraction  pattern,  proba¬ 
bly  consists  of  precipitated  Ge  dispersed  in  a  GeOa  glass.  The  black 
glass  phase  on  cooling  in  a  quartz  tube  consistently  caused  internal 
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chipping  because  of  the  differential  contraction  of  the  glassy  phase  and 
the  quartz.  Limited  data  suggest  that  the  viscosity  of  the  liquid  phase 
increases  on  repeated  fusions.  The  heat  treatment  of  the  black  glass 
at  800°  C.  resulted  in  the  formation  of  hexagonal  Ge02.  Amorphous 
GeO  prepared  by  condensing  GeO  on  a  cold  surface  disproportionated 
at  800°  C.  to  Ge  plus  hexagonal  Ge02 . 

The  measurement  of  the  germanium  melting  point  under  a  variety  of 
conditions  was  used  to  determine  the  phase  diagram  characteristics  at 
low  oxygen  concentrations.  The  melting  points  were  measured  using  a 
Pt  -  Pt  13%  Rh.  thermocouple  calibrated  at  the  silver  point  with  the 
cold  junction  at  0°  C.  The  thermocouple  EMF  was  measured  with  a 
Leeds  Northrup  No.  8662  millivolt  indicator. 

The  melting  point  data  are  summarized  in  Table  1.  In  these  experi¬ 
ments  the  partial  pressure  of  GeO  in  the  system  was  varied  from  10~* 
to  10-100  mm  Hg.  without  a  significant  variation  in  the  melting  point. 
Nor  was  it  possible  to  significantly  alter  the  melting  point  by  repeated 
vacuum  fusion  and  solidification.  Consequently  the  conclusion  is  indi¬ 
cated  that  GeO  cannot  readily  alter  the  melting  point  of  Ge. 


Table  I 

Germanium  Melting  Point  Data 


Sample  Atmosphere  T°  C. 


N2  -  12  Pass  Zone  Refined 

Argon 

940.2 

Vac.  10"*  mm  Hg. 

940.0 

Ge  fused  under  Ge02 

Argon 

940.1 

N2  -  12  Pass  Zone  Refined 

Vacuum 

939.9 

Ge  Pwd.  +  18%  Tet.  GeOz 

Nitrogen 

339.9 

N2  -  12  Pass  Zone  Refined 

Nitrogen 

940.1 

H2  Fused  Bar 

Nitrogen 

939.5 

Ave. 

0 

0 

p 

In  the  vacuum  fusion  experiments  an  amount  of  GeO  was  deposited 
in  the  cool  portion  of  the  reaction  tube  which  would  correspond  to  0.1 
to  0.01%  GeO  in  the  original  sample.  The  observation  by  R.  M.  Whaley* 
that  a  brown  smoke  is  evolved  from  Ge  during  vacuum  fusion  but  ceases 
as  soon  as  fusion  is  complete  suggests  that  a  finite  oxygen  solid  solu¬ 
bility  exists. 

Several  implications  of  the  phase  diagram  are  interesting  to  note. 

In  the  reduction  of  Ge02  at  temperatures  above  750°  C  the  rate  of  evo¬ 
lution  of  GeO  becomes  rapid.  This  effect  may  be  explained  by  the  rapid 
increase  in  the  partial  pressure  of  GeO  over  a  Ge  -  Ge02  mixture  above 
700°  C.  In  the  heat  treatment  of  germanium  samples  above  870°  C.  a 
viscous  liquid  oxide  film  will  be  formed  from  the  hexagonal  or  vitrous 
oxide  normally  present.  Consequently  anomalies  in  the  oxidation  of  Ge 
at  elevated  temperatures  would  be  anticipated. 
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The  selenium  rectifier  manufacturing  process  is  quite  complex, 
depending  on  a  number  of  variables  which  must  be  controlled  with  con- 
si^rable  accuracy  and  precision.  In  the  development  of  improved 
selenium  rectifiers  having  lower  forward  drops,  lower  reverse  leak¬ 
ages  and  higher  operating  temperatures,  it  is  necessary  to  carefully 
adjust  and  control  the  levels  of  parameters  employed  in  the  process. 
The  proper  choice  of  important  process  parameters  must  be  made  on 
the  l^is  of  the  theory  of  the  selenium  semiconductor  and  rectifier  or 
on  the  basis  of  rather  extensive  experimental  data. 

A  model  of  the  selenium  semiconductor  has  been  developed^  It 
was  foimd  that  halogens  form  acceptor  levels,  mqst  metals  donor  levels. 
The  most  effective  acceptor  element  is  chlorine;  the  most  effective 
donor  element  thallium.  The  model  is  used  in  advancing  an  n-p  or 
p-p'^  theory  of  the  metal-selenium  rectifier.  The  equilibrium  theory 
of  W.  Schottky  of  the  metal  to  semiconductor  contact  is  applied  with 
the  interpretation  that  the  surface  layers  of  selenium  are  either  n-type 
or  weakly  p-type  as  a  result  of  the  diffusion  of  donor  elements  from 
the  counterelectrode.  The  selenium  cell  then  is  understood  as  an  ef¬ 
fective  n-p  junction  rectifier  having  the  metal  electrode  applied  by 
spraying  and  the  n  layer  produced  by  thermal  and  electrical  diffusion 
of  donor  elements  from  this  electrode  into  the  surface  of  the  selenium. 

An  additional  complexity  exists  in  the  case  of  the  selenium  rectifier 
beyond  that  in  the  germanium  and  silicon  single  crystal  devices  since 

the  selenium  is  in  a  microcrystalline  form  (report _ discusses 

the  dependence  of  properties  on  the  microstructure).  However,  the 
primary  variables  determining  the  properties  of  the  device  are  the 
donor  and  acceptor  densities. 

The  intricacies  of  the  thermal  crystallization  and  electrical  forming 
processes  and  of  initial  and  ageing  properties  are  understood  in  terms 
of  the  balance  of  acceptor  and  donor  atoms  occasioned  by  initial  doping 

of  materials,  the  precipitation  of  acceptors  (discussed  in  report _ ), 

and  the  diffusion  of  donors.  A  factorial  experiment  was  conducted  with 
two  parameters  (donor  density,  acceptor  density)  at  four  levels  each. 
About  one  hundred  replications  were  made  in  each  run. 

The  room  temperature  properties  (forward  drop,  reverse  leakage) 
of  the  rectifiers  were  determined  before  and  during  the  electrical 
forming  process  in  order  to  determine  forming  rates. 
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Histograms  were  prepared  showing  the  ranges  of  properties  of  the 
replications  as  functions  of  the  two  parameters. 

All  cells  were  shelf  aged  at  room  temperature,  for  a  few  months, 
at  lOO^C  for  one  month  and  then  aged  under  full  load  current  (with  two- 
thirds  rated  voltage)  for  one  month  at  lOO^C  ambient  temperature. 

The  units  were  then  aged  with  full  load  currents  and  voltages  for  one 
month  at  120°C  ambient  temperature. 

The  importance  of  the  donor  acceptor  balance  in  determining  ageing 
rates  was  demonstrated. 

With  careful  adjustment  of  donor  and  acceptor  densities  cells  can 
be  produced  which  are  easily  processed,  have  low  forward  drops  and 
reverse  leakages,  and  which  will  operate  (with  natural  convection)  for 
extended  periods  of  time  without  derating  in  an  ambient  temperature 
of  120OC. 
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The  practical  selenium  rectifier  cell  consists  in  general  of  the  fol¬ 
lowing  components: 

1.  metallic  base  electrode; 

2.  semiconducting  selenium  layer,  or  layers; 

3.  artificial  barrier; 

4.  metallic  counterelectrode. 

In  the  usual  practice  the  rectifier  cell  is  assembled  from  the  base  to 
the  counterelectrode.  The  base  electrode  consists  of  an  aluminum  or 
iron  plate  from  about  .010"  -  .040"  thick.  The  base  is  sandblasted  or 
etched  to  provide  a  good  mechanical  surface  for  the  selenium.  The 
roughened  surface  is  coated  with  a  film  of  certain  metals  (most  com¬ 
mon  of  which  are  nickel  and  bismuth)  by  vacuum  evaporation  or  elec¬ 
trodeposition  to  provide  a  good  ohmic  contact  to  the  selenium.  Next, 
the  b^e  plate  is  coated  with  a  layer  (or  layers)  of  selenium  containing 
halogens  (and,  incases,  metals)  by  evaporation  or  pressing.  Next,  a 
barrier  layer  is  usually  ai^lied  (it  may  be  omitted)  consisting  of  an  in¬ 
organic  or  organic  insulating  film.  A  counterelectrode  of  low  melting 
alloy  is  finally  applied  by  evaporation  or  spraying. 

The  electrical  properties  of  the  selenium  semiconductor  have  been 
studied  in  some  detail  and  a  working  model  of  the  electronic  structure 
has  been  developed.^  ^  *  A  brief  review  of  these  properties  is  essen¬ 
tial  to  a  discussion  of  the  properties  of  rectifiers.  The  liquid  selenium 
semiconductor  has  a  forbidden  band  gap  of  about  2.3  eV.  Itelow  220°C, 
the  liquid  can  crystallize  into  the  hexagonal  crystalline  form.  How¬ 
ever,  the  crystallization  is  complicated  by  five  factors: 

(1)  the  nucleation  rate  is  extremely  small  at  room  temperature, 
increases  with  temperature  to  about  llO^C,  then  decreases 
above  that  temperature; 

(2)  the  crystallization  rate  increases  with  temperature  to  about 
217  or  218°C,  then  decreases  somewhat  to  220*^C; 

(3)  the  crystallization  product  has  a  colony  struchire  with  needles 
of  selenium  extending  spherically  from  nucleation  centers; 

(4)  the  colony  strucbire  recrystallizes  to  an  equiaxed  structure  at 
temperatures  above  about  80  or  90°C  at  a  rate  increasing  with 
temperature  to  about  218^C; 
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(5)  the  rates  of  nucleation,  crystallization  and  recrystallization 
depend  on  traces  of  impurities  including  oxygen  in  the  selenium 
and  on  the  quenching  rate  to  the  undercooled  liquid. 

The  individual  crystallites  have  forbidden  band  gaps  of  about  1.6  eV  and 
densities  of  acceptors  with  low  activation  energies  (probably  oxygen  or 
chlorine)  of  the  order  of  10^*/cm*.  On  crystallizing  to  the  colony  struc¬ 
ture,  the  non-metal  impurities  in  the  selenium  are  rather  uniformly 
distributed  having  been  frozen  in  during  crystallization.  A  large  num¬ 
ber  of  levels  are  pre,sent  about  .27  eV  from  the  full  band  (presumably 
lattice  defects  at  grain  boundaries).  The  resistivity  of  the  selenium  in 
this  form  is  independent  of  concentrations  of  non-metals.  Internal 
electrostatic  barriers  between  crystallites  produce  a  high  resistivity 
bulk  material  (which  resistivity  is  thus  dependent  on  frequency). 

On  recrystallization,  the  colony  structure  changes  to  the  equiaxed. 
During  the  transition,  the  excess  halogen  is  assumed  to  be  pushed  into 
grain  boimdaries.  The  number  of  acceptors  in  the  surfaces  of  the 
crystallites  is  determined  by  a  dynamic  equilibrium  between  the  dif¬ 
fusion  of  halogen  defects  from  the  crystallite  to  the  grain  surface  and 
from  the  boundary  into  the  crystallite. 

The  resistance  of  the  internal  barriers  is  decreased  by  the  presence 
of  excess  acceptors  at  the  barriers  to  very  small  values  (with  .01 
atomic  percent  chlorine  in  the  selenium  the  barrier  resistance  is  al¬ 
most  zero).  The  general  effects  of  donors  and  acceptors  is  discussed 
in  report _ .* 

On  continued  heating  of  selenium  at  high  temperatures  the  grain 
size  grows  and  the  halogen  forms  molecules  at  the  grain  boundaries 
which  may  diffuse  to  the  surface  and  evaporate.  The  dynamic  equilibri¬ 
um  is  upset  and  the  density  of  acceptors  in  the  surfaces  of  the  crystal¬ 
lites  is  gradually  reduced.  Consequently,  the  resistivity  and  tempera¬ 
ture  coefficient  of  resistivity  gradually  increases  with  time. 

An  experiment  was  undertaken  to  correlate  the  properties  of  fin¬ 
ished  commercial  rectifiers  with  the  complex  properties  of  the  bulk 
material  noted  previously.  Duplicate  samples  of  5"  x  5"  rectifier 
plates  were  prepared  by  two  greatly  different  commercial  processes 
(one  employing  bromine  as  acceptor,  the  other  chlorine).  Thirty-six 
Afferent  heat  treatments  were  g^ven  these  duplicate  samples.  Thus, 
samples  were  taken  during  stages  of  both  the  crystallization  and  re¬ 
crystallization  as  well  as  after  recrystallization  when' grain  growth 
and  precipitations  of  halogen  were  occurring.  Electrical  forming 
periods  were  varied  to  produce  good  cells  (in  general,  periods  of 
forming  required  depend,  as  to  be  expected,  on  the  amoimt  of  aggre¬ 
gated  acceptors  in  gprain  surfaces  as  described  above,  i.e.,  the  mini¬ 
mum  resistivity  material  produces  rectifiers  which  are  most  difficult 
to  form).  Static  characteristics  in  both  forward  and  reverse  directions 
were  determined  at  temperatures  -55°,  0°,  25°,  50°,  100°,  and  150°  C. 


*To  be  submitted  -  donor  acceptor  balance 
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REVERSE  CHARACTERISTICS 


The  reverse  characteristics  of  selenium  rectifiers  depend  on  the 
surface  properties  of  the  bulk  material.  Consequently,  these  character¬ 
istics  are  of  interest  only  insofar  as  there  exists  a  correlation  of  bulk 
and  surface  properties  of  the  semiconductor.  On  recrystallization  of 
the  bulk  selenium,  the  leakage  of  rectifiers  increases  to  a  maximum  at 
the  state  corresponding  to  the  minimum  bulk  resistance.  The  forming 
periods  required  for  production  of  rectifiers  and  reverse  leakages  of 
rectifiers  behave  qualitatively  as  expected  on  the  basis  of  the  model  of 
selenium.  Further  discussion  of  reverse  characteristics,  involving 
treatment  of  donors,  acceptors,  and  barrier  layers  in  detail  is  inap¬ 
propriate  in  the  present  report. 

FORWARD  CHARACTERISTICS 

The  forward  characteristics  are  more  dependent  on  the  bulk  proper¬ 
ties  of  the  semiconductor.  The  series  resistance  in  the  rectifier  con¬ 
sists  of  contributions  from  the  barrier  layer,  the  bulk  semiconductor 
and  the  base  contact.  The  series  resistance  was  obtained  from  the 
static  characteristic  by  matching  the  high  current  portion  with  the 
theoretical  curve.  The  following  behavior  of  the  series  resistance 
was  .noted.  ' 

(1)  It  decreased  sharply  (measured  at  room  temperature)  with 
period  of  second  anneal  to  a  minimum,  then  increased  slowly. 

(2)  The  period  of  second  anneal  to  the  minimum  was  almost  inde¬ 
pendent  of  preanneal  period. 

(3)  Its  magnitude  at  the  minimum  corresponded  to  that  of  the  bulk 
selenium. 

(4)  The  relative  magnitude  of  the  resistance  of  the  series  resistance 
of  rectifiers  with  material  in  the  colony  and  equiaxed  structures 
corresponded  to  the  relative  magnitudes  of  the  resistances  of 
bulk  samples. 

(5)  The  temperature  dependences  of  series  resistances  throughout 
the  temperature  range  to  ISO^C  reflected  the  behavior  of  bulk 
semiconductor  specimens  in  the  same  microcrystalline  state. 

Since  the  same  correlation  of  forward  characteristics  with  bulk  semi¬ 
conductor  properties  was  obtained  with  rectifiers  made  by  two  very 
different  processes  and,  since  the  properties  of  the  bulk  semiconductor 
are  rather  uniquely  complex,  it  is  felt  that  the  forward  properties  of 
selenium  rectifiers  in  their  complicated  dependence  on  anneal  pro¬ 
cedures  are  understood. 
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Abstract  Number  82 


A  REVIEW  OF  THE  STATE  OF  SEMICONDUCTOR  SURFACES* 
Robert  H.  Kingston** 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts 


Over  the  past  several  years,  the  bulk  properties  of  semiconductors 
have  been  studied  in  such  detail  that  it  is  safe  to  say,  at  least  in  the 
case  of  germanium,  that  those  transistor  and  diode  properties  depend¬ 
ent  upon  the  internal  physics  and  chemistry  of  the  semiconductor  are 
well  understood.  Such  is  not  the  case,  however,  with  the  surface  prop¬ 
erties.  Despite  its  early  investigation,  the  metal- semiconductor  con¬ 
tact  is  still  not  completely  understood,  and  in  addition,  such  properties 
as  recombination  velocity,  surface  leakage,  and  noise  are  only  now 
being  explained. 

Perhaps  the  best  way  to  describe  a  semiconductor  surface  is  to  first 
consider  the  'ideal*  case.  The  bulk  material  would  have  the  generally 
accepted  energy-band  structure,  a  valence  band,  a  forbidden  gap  and  a 
conduction  ban^  In  addition  one  would  expect  a  distribution  of  donor 
and  acceptor  states  in  the  forbidden  band,  homogeneously  distributed 
throughout  the  sample.  Ideally  one  would  expect  the  bands  to  approach 
and  meet  the  surface  with  no  change  in  potential  energy  just  as  if  the 
semiconductor  had  been  sliced  in  two  and  all  energies  maintained  at  the 
same  value.  What  this  argument  neglects  is  the  creation  of  new  energy 
states  at  the  exposed  surface  which  apparently  overwhelm  the  contri¬ 
bution  of  the  internal  or  bulk  states.  The  occurrence  of  such  states 
was  first  considered  in  detail  by  Bardeen^  who  explained  some  of  the 
anomalies  of  point  contact  rectification  in  terms  of  the  surface  charge 
present  at  the  interface  as  a  result  of  the  available  states.  Further 
work  by  Brattain  and  Bardeen^  presented  theory  and  experiment  to  ex¬ 
plain  quantitatively  the  effect  of  these  surface  states  both  on  the  surface 
charge  and  the  recombination  velocity.  The  general  picture  o-’  ihe  sur¬ 
face  in  this  work  was  one  in  which  allowed  states  at  the  surf£>  ci*  acted 
as  intermediate  steps  for  the  recombination  process  and  also,  in  con¬ 
junction  with  adsorbed  ionic  charge,  established  the  contact  potential 
and  shift  of  the  electrostatic  potential  from  its  bulk  value.  More  re¬ 
cent  work  has  established  a  much  more  detailed  idea  of  the  state  struc¬ 
ture;  in  particular,  at  least  two  if  not  three  distinct  types  of  states  seem 
to  be  necessary  to  describe  the  surface.  These  are  (1)  'interface  states”. 


*The  research  in  this  document  was  supported  jointly  by  the  Army, 
Navy,  and  Air  Force  under  contract  with  the  Massachusetts  Institute  of 
Technology. 
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occurring  at  the  junction  of  the  germanium  with  the  oxide  layer, 

(2)  ‘adsorption  states”,  associated  with  foreign  species  adsorbed  on 
the  outside  of  the  oxide,  and  (3)  ‘oxide  states”,  which  could  arise  from 
lattice  distortion  and  impurities  in  the  oxide  layer.  The  interface 
states  are  similar  to  those  postulated  by  Brattain  and  Bardeen^  and 
are  assumed  to  be  principally  involved  in  the  recombination  process. 
Their  occurrence  seems  to  depend  mainly  on  the  mechanical  treatment 
and  oxidation  and  not  on  the  adsorbed  material* .  The  adsorption  and 
oxide  states  have  only  recently  been  considered  in  the  light  of  surface 
conductance  measurements*  and  the  associated  transient  phenomena.*** 
In  these  experiments  it  is  found  that  the  electrostatic  potential  at  the 
surface  and  consequently  the  majority  carrier  type  and  density  are  de¬ 
termined  by  the  amount  of  oxidation  and  the  adsorbed  material.  The 
range  of  variation  of  the  electrostatic  potential  is  much  greater  than 
that  predicted  by  Brattain  and  Bardeen  and  it  is  also  foimd  that  the 
states  must  have  capture  times  of  the  order  of  seconds.  It  is  this  time 
dependence  which  distinguishes  these  states  from  the  interfabe  states 
which  must  have  capture  times  many  orders  of  magnitude  smaller  to 
explain  recombination  velocity.  The  contribution  of  the  charge  in  the 
interface  states  is  now  being  investigated  in  the  light  of  these  later 
results.**  * 

To  understand  the  existence  of  these  states,  it  is  also  necessary  to 
consider  the  chemistry  of  the  surface.  The  formation  and  structu'e  of' 
the  oxide  layer** ‘“***  as  well  as  adsorption  data  ‘****  should  give  a 
clearer  picture  of  the  observed  behavior.  Work  on  semiconductor- 
electrolyte  contacts***  **  also  shows  the  importance  of  adsorbed  materi¬ 
al,  in  this  case  ions  in  solution.  One  of  the  more  recent  developments, 
the  technique  of  preparing  a  clean  germanium  surface,**  should  yield 
significant  results  when  used  in  conjunction  with  the  several  types  of 
surface  property  measurements. 

Considering  the  surface  problems  of  immediate  practical  interest, 
surface  leakage  current  has  been  explained  by  the  occurrence  of  inver¬ 
sion  layers  or  “channels”  due  to  the  adsorbed  species**”**  and  also  by 
electrolytic  conduction  in  the  presence  of  water  vapor**.  Recombination 
velocity  is  quite  well  understood  experimentally;  however,  the  detailed 
distribution  of  the  states  involved  is  not  known  at  this  time.  Excess 
noise  seems  to  be  largely  a  surface  effect**”**  and  its  mechanism  is 
postulated  to  be  the  electron  transfer  process  to  the  adsorbed  or  oxide 
states.**  A  complicating  feature  of  all  the  above  effects  is  the  possibili¬ 
ty  of  migration  of  the  adsorbed  species  in  high  fields  at  the  surface,  and 
such  effects  are  not  well  understood  at  this  time. 

It  should  be  emphasized  that  the  present  progress  in  the  study  of 
surfaces  is  largely  due  to  the  great  body  of  knowledge  about  the  bulk 
properties  of  semiconductors.  Consequently,  the  above  work  is  largely 
pertinent  to  germanium;  however,  it  is  hoped  that  the  results  may  be 
successfully  applied  to  silicon  and  the  many  other  known  semi¬ 
conductors. 
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ULTRA- fflGH  VACUUM  STUMES  ON  GERMANIUM  SURFACES 

F.  G.  Allen 
Harvard  University 


Three  types  of  studies  are  being  carried  out  on  single  crystal  ger¬ 
manium  surfaces  at  vacua  on  the  order  of  10~*  to  10"^°  mm  Hg: 
a)  Field-emission  in  a  Miiller-type  tube;  b)  Relative  contact  potentials 
of  the  various  faces  of  a  single  crystal;  and  c)  the  effect  of  illumina¬ 
tion  on  contact  potential.  Results  from  b)  indicate  that  sputtering  the 
Ge  surface  with  -t-SOO-volt  argon  ions  followed  by  a  mild  anneal  to  300 
to  SOO^C*  is  more  effective  than  mere  heating  in  producing  an  atomi¬ 
cally  clean  surface,  and  this  treatment  is  used  for  all  the  studies 
mentioned. 

In  the  field-emission  study,  a),  small  needles  of  single-crystal  Ge 
are  pre-formed  by  mechanical  abrasion,  and  then  sharpened  by  an 
a-c  electrolytic  C.P.4  etch  to  a  tip  radius  of  10”*  to  10"*  cm.  With 
this  tip  as  the  cold  cathode  at  the  center  of  a  10-cm  spherical  phosphor- 
coated  anode,  field- emission  can  be  observed  on  the  screen  at  a  few 
thousand  volts  on  the  anode.  Nearly  all  the  data  taken  can  be  repre¬ 
sented  by  the  relation  J  =  Ae“^  /^,  where  J  is  the  emission  current 
density  and  V  the  anode  voltage.  Hence  it  is  assumed  that  a  field- 
emission  process,  analogous  to  that  studied  extensively  for  metals,  is 
taking  place.  While  emitter  tips  are  easily  damaged  through  excessive 
currents,  total  currents  of  0.04  micro-amps  at  densities  of  several 
hundred  amps/cm*  have  been  drawn  with  no  change  in  tip  characteris¬ 
tics.  Emission  becomes  ai^reciable  at  computed  external  field 
strengths  considerably  below  the  value  2  x  10^  volts/cm  required  in 
the  case  of  a  metal.  A  calculation  of  the  charge  distribution  at  the  ger¬ 
manium  surface,  assuming  no  surface  states,  indicates  that  at  field 
strengths  of  this  magnitude  the  energ^y  levels  may  be  lowered  at  the 
surface  till  the  bottom  of  the  conduction  band  is  at  or  below  the  Fermi- 
level,  even  for  highly  doped  p-type  material.  A  surface  energy  state 
density  of  10**  to  10*'  cm"*  would  be  needed  to  supply  the  required 
surface  charge  with  no  significant  lowering  of  levels.  Two  obstacles 
in  obtaining  the  symmetrical  field-emission  patterns  easily  obtained 
with  metals  such  as  tungsten,  are  i),  the  difficulty  in  producing  a  ger¬ 
manium  tip  which  is  both  clean  and  smooth  on  an  atomic  scale,  and 
ii)  the  fact  that  the  work  function  for  Ge,  as  measured  in  b),  seems  to 
vary  much  less  rapidly  with  crystal  direction  than  is  the  case  for  metals. 

In  the  contact  potential  study,  b),  a  two-cm  single  crystal  germanium 
ingot  is  cut  along  the  (110)  axis  so  that  its  six  sides  comprise  a  pair 
each  of  (100),  (110)  and  (111)  faces.  The  crystal  can  be  turned  about  its 
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axis  manually  from  outside  the  pyrex  vacuum  envelope,  presenting,  in 
turn,  each  face  to  the  vibrating  reference  electrode,— in  this  case  a 
single  nickel  crystal  (110)  face,— and  the  contact  potential  difference 
measured  on  each  face.  A  repetition  of  the  contact  potential  measured 
for  the  first  face  alter  completing  the  measurements  on  the  other  five 
faces  checks  against  any  relative  drift  of  reference  electrode  vs.  ger¬ 
manium  during  the  course  of  the  run,  (about  30  minutes),  and  a  match¬ 
ing  of  values  for  like  faces  of  the  germanium  is  an  indication  of  ger¬ 
manium  surface  regularity.  The  first  germanium  sample  tested  was 
near  intrinsic,  and  after  baking  and  outgassing  at  lower  temperatures, 
a  few  minutes  heating  at  750°C  brought  about  a  ‘pattern*  of  face  values, 
with  like  faces  matching,  which  could  be  reproduced  again  and  again  by 
cleaning  at  this  or  higher  temperatures.  Only  two  pairs  of  faces  were 
available,  and  these  had  angular  errors  in  cutting  of  up  to  7^.  The  re¬ 
sults  gave  the  work  function  of  the  ~(110)  faces  as  approximately  0.04 
volts  higher  than  that  of  the  ~(111)  faces.  The  next  germanium  sample 
was  heavily  doped  n-type,  (arsenic).  Many  heatings  at  850°C  and  above 
caused  approximate  matching  of  like  faces  in  some  cases,  but  values 
were  not  reproducible.  When  the  argon  ion  bombardment,  followed  by 
annealing,^  was  then  tried,  good  matching  of  like  faces  immediately  re¬ 
sulted,  and  the  pattern  of  face  values  resulting  could  then  be  reproduced 
repeatedly  on  further  cleaning  treatments.  The  values  obtained  gave  the 
work  function  of  the  (100)  faces  as  0.051  ^  0.005  volts  higher  than  that 
of  the  (110)  faces  and  0.065  ^  0.005  volts  higher  than  that  of  the  (111) 
faces. 

Contamination  of  the  faces  could  be  studied  by  following  their  con¬ 
tact  potential  pattern  over  many  hours  of  standing  at  a  pressure  of 
~  2  X  10~*  mm  Hg  of  residual  gases.  After  such  standing  the  pattern 
could  then  be  returned  to  the  ‘clean*  condition  by  a  mere  heating  to 
above  750°C,  and  further  bombardment  was  unnecessary  except  in  the 
case  of  more  drastic  contamination.  Presumably  the  mild  contamina¬ 
tion  consisted  in  a  low  energy  adsorption  process  of  gases  such  as 
argon,  nitrogen  and  helium,  while  the  ori^nal  and  later  induced  ‘dras¬ 
tic*  contaminations  were  chemisorbed  layers  of  oxygen  or  oxides. 

In  study  c)  on  the  effect  of  illumination  on  the  contact  potential  of  a 
clean  germanium  surface,  light  from  a  W  filament  is  focused  through 
the  pyrex  walls  of  the  experimental  tube  into  the  gap  between  reference 
electrode  and  ger.i;anium  face.  The  measured  contact  potential  of  the 
highly  doped  n-type  Ge  specimen  always  shifted,  upon  illumination,  so 
as  to  decrease  its  work  function.  The  magnitude  of  the  shift  showed  a 
logarithmic  saturation  with  incident  light  intensity,  and  a  very  strong 
negative  temperature  dependence.  Thus,  for  a  light  intensity  causing 
about  half  saturation  in  (AC.  P.)i  at  25^C,  the  value  of  (AC.  P.)|  de¬ 
creased  from  35  millivolts  at  25°C  to  less  than  2  millivolts  at  65°C. 

It  appears  that  thermal  pair  generation,  competing  with  the  photo¬ 
generation  as  the  temperature  is  raised,  can  explain  this  temperature 
dependence.  If  the  incident  light  on  the  germanium  face  is  now  chopped, 
the  electronic  null  measuring  system  can  be  used  without  alteration  to 
measure  the  ac  signal  resulting  from  the  alternating  (AC.  P.)|  voltage 


generated  in  the  germanium.  Tests  of  the  frequency  response  of 
(AC.  P.)j^  for  the  n-type  specimen  showed  that  it  was  flat  from  0  c.p.s 
to  above  17,000  c.p.  s.  at  room  temperature.  As  the  temperature  is 
lowered,  (AC.  P.)|  falls  off  at  progressively  lower  frequencies,  till  at 
-50°C  the  signal  has  dropped  by  10  per  cent  at  only  3000  c.  p.  s.  Pre¬ 
sumably,  this  drop-off  in  the  a-c  value  of  (AC.  P.)|  sets  in  when  the 
time  between  light  pulses  approaches  the  effective  recombination  time 
of  pairs  created  by  light  inside  the  surface. 

Reference 

1.  Farnsworth,  Schlier,  and  Burger,  Bull.  Am.  Phys.  Soc.  29,  No.  7, 
35(1954) 


Abstract  Number  i)4 


THEORY  OF  SURFACE-BARRIER  ELECTRODES 
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SURFACE- BARRIER  ELECTRODES 

The  surface-barrier  transistor  was  first  described  in  the  Proceed¬ 
ings  of  the  I.  R.  E.  December  1953.  This  type  of  transistor  employs  a 
semiconducting  body  which  serves  as  a  base  electrode  with  electrodes 
attached  to  the  surface  in  such  a  manner  as  not  to  disturb  the  structure 
of  the  semiconducting  crystal.  The  electrodes  may  consist  of  electro¬ 
plated  metal  deposited  upon  a  freshly  etched  and  chemically  prepared 
surface  of  the  semiconductor.  The  entire  process  of  shaping  the  semi¬ 
conducting  body  and  depositing  the  metal  electrodes  can  be  carried  out 
at  room  temperature  by  electrochemical  techniques. 

E;q>eriments  showed  that  electrodes  applied  in  this  way  could  be  ex¬ 
cellent  rectifiers  on  N  type  germanium  and  also  very  satisfactory 
emitter  or  collector  electrodes  for  transistors.  On  the  other  hand,  it 
was  found  to  be  possible  to  adjust  the  process  so  as  to  form  a  nearly 
ohmic  contact  on  N  type  germanium. 

The  chemical  complexity  of  the  interface  between  the  crystal  and 
the  electrodes  makes  a  complete  theory  of  siurface-barrier  electrodes 
very  difficult.  On  the  other  hand,  eiqperimental  results  obtained  to 
date  suggest  strongly  that  a  kind  of  chemical  potential  of  the  electrode 
determines  whether  upon  contact  it  injects  or  extracts  electrons  from 
a  semiconductor.  Even  an  approximate  theory  of  this  sort  is  useful  to 
guide  process  development  and  to  interpret  results. 

ELECTROCHEMICAL  POTENTIAL,  CHEMICAL  POTENTIAL 
AND  ELECTRIC  POTENTIAL 

The  amount  of  energy  required  to  remove  an  electron  at  the  fermi 
level  of  energy  in  a  solid  material  to  an  external  reference  state  is  de¬ 
fined  as  the  electrochemical  potential  of  the  material.  This  energy 
can  be  resolved  into  two  parts  corresponding  to  the  chemical  potential 
and  the  electric  potential  of  the  electron.  The  chemical  potential  cor¬ 
responds  to  the  energy  required  to  remove  the  electron  from  the  fermi 
level  and  place  it  in  a  state  in  the  same  locality  in  which  it  is  distrib¬ 
uted  with  equal  probability  over  a  very  small  volume  of  the  material, 
which  is  still  large  enough  to  contain  a  substantial  number  of  individual 
atoms.  The  electric  potential  corresponds  to  the  additional  amount  of 
energy  required  to  transport  the  electron  from  this  distributed  refer¬ 
ence  state  to  the  external  reference  state  used  in  the  definition  of 
electrochemical  potential. 
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APPROXIMATE  SOLUTION  OF  THE  EQUILIBRIUM 
CONMTION  OF  CONTACT 


Suppose  that  for  a  system  of  materials  to  be  placed  in  contact  the 
following  initial  information  is  given. 

1.  The  system  of  electron  energy  levels  is  known  for  each  material. 

2.  The  energy  of  the  fermi  level  when  the  material  is  electrically 
neutral  is  known. 

3.  The  energy  of  the  chemical  energy  reference  state  corresponding 
to  a  uniformly  distributed  stationary  electron  is  known. 

Then  it  is  possible  to  derive  the  manner  in  which  the  electric  poten¬ 
tial  and  other  properties  of  the  system  of  substances  vary  with  position 
at  equilibrium  when  in  contact.  It  is  also  possible  to  determine  whether 
or  not  the  contact  will  be  capable  of  rectification  and  whether  it  will  be 
capable  of  injection  of  minority  carriers  into  a  semiconducting  crystal. 

Unfortunately  the  three  conditions  cited  above  are  difficiilt  to  satisfy, 
since  the  structure  of  electron  levels  is  only  known  approximately  for 
most  materials;  the  location  of  the  fermi  level  of  such  a  structure  of 
energy  levels  is  only  approximately  known;  and  the  energy  of  the 
chemical  potential  reference  state  is  only  approximately  known  at  best 
for  any  material  at  the  present  time.  For  germanium  and  silicon  the 
energy  level  structure  and  the  location  of  the  fermi  level  are,  however, 
relatively  familiar  and  it  is  with  these  semiconductors  that  the  discus¬ 
sion  is  principally  concerned. 

The  difference  in  electron  chemical  potential  between  material  when 
placed  in  contact  causes  the  displacement  of  electrons  from  one  mate¬ 
rial  to  the  other  until  a  counter  electric  field  develops  to  prevent  fur¬ 
ther  flow.  As  a  result  the  regions  near  the  area  of  contact  tend  to  be¬ 
come  charged.  The  electric  potential  obeys  the  Poisson  equation.  The 
displacement  of  the  fermi  level  in  each  locality  with  reference  to  the 
electron  energy  level  structure  depends  upon  the  amount  of  charge  and 
the  density  of  energy  states  near  the  fermi  level  at  that  locality.  At 
equilibrium  the  electrochemical  energy  of  the  fermi  level  must  be  con¬ 
stant  throughout  the  system.  From  these  three  conditions  it  is  possible 
to  derive  the  following  differential  equation  which  specifies  the  chemi¬ 
cal  potential  of  the  fermi  level  as  a  function  of  position  throughout  the 
system. 


V*Ef  =  ^Fn(Ef-e{n) 
In  one  dimension  this  reduces  to 
“'Ef  = 

IbP-  eo'n(Ej.Efn) 


where  t 

Ef  is  the  electron  chemical  potential  in  volts  of  the  fermi  level  at 
each  location. 
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Efn  is  the  electron  chemical  potential  in  volts  of  the  nth  material 
comprising  the  contact  when  electrically  neutral. 

q  is  the  charge  on  the  electron  in  coulombs. 

Cq  is  the  dielectric  constant  of  the  material  in  farads  per  meter. 

F 

n(Ef  -  Efij)  is  the  effective  number  of  electron  states  in  the  energy 
interval  between  Ef  and  Efj,  for  the  nth  material  comprising  the  contact. 

The  solution  of  the  differential  equation  is  most  conveniently  dis¬ 
played  upon  a  chemical  potential  diagram  in  which  chemical  potential 
is  the  ordinate  and  distance  the  abscissa.  On  such  a  diagram  electron 
energy  bands  are  horizontal  for  any  material  while  the  fermi  level  is 
indicated  as  a  curve.  The  origin  of  the  diagram  is  taken  as  the  chemi¬ 
cal  potential  reference  corresponding  to  the  energy  of  a  uniformly  dis¬ 
tributed  stationary  electron  and  the  ordinate  may  be  considered  to  in¬ 
dicate  the  binding  energy  of  each  electron  state.  In  words  the  differen¬ 
tial  equation  states  that  in  a  one- dimensional  system  of  substances  in 
contact  the  curvature  of  the  fermi  level  on  a  chemical  potential  dia¬ 
gram  equals  the  effective  number  of  electron  states  lying  between  its 
actual  chemical  potential  and  the  chemical  potential  corresponding  to 
charge  neutrality  multiplied  by  a  constant.  The  curvature  in  each 
locality  is  such  as  to  be  convex  toward  the  neutral  chemical  potential. 

Since  the  electrochemical  potential  is  constant  then  the  electric  po¬ 
tential  variations  are  the  negative  of  those  of  the  chemical  potential. 

PROPERTIES  OF  CONTACTS  DEDUaSLE  FROM  THE  SOLUTION 

For  any  region  of  a  material  it  is  possible  by  inspection  of  such  a 
diagram  to  infer  many  of  the  electronic  properties  of  the  material. 

1.  If  the  fermi  level  passes  through  a  region  having  a  high  density 
of  electronic  states,  then  that  region  is  a  good  conductor  of  electricity. 

2.  If  the  fermi  level  lies  in  a  forbidden  band  containing  no  electron 
states  within  approximately  1/4  electron  volt  of  the  fermi  level,  then 
the  material  h^  high  electrical  resistance  in  that  region. 

3.  If  the  fermi  level  lies  near  one  edge  of  a  forbidden  band  the  mate¬ 
rial  is  an  N  type  semiconductor  when  the  fermi  level  is  near  the  upper 
edge  and  a  P  type  semiconductor  when  near  the  lower. 

It  follows  that  if  a  material  having  a  large  chemical  potential  in  such 
a  sense  as  to  attract  electrons  is  placed  in  contact  with  a  semiconduc¬ 
tor  such  as  germanium  the  fermi  level  near  the  surface  will  be  drawn 
down  toward  the  filled  band  of  the  germanium  producing  a  cloud  of 
holes.  Similarly,  a  material  of  low  chemical  potential  will  tend  to 
produce  a  cloud  of  free  electrons  in  the  conduction  band. 

The  bonding  layer  of  the  contact  between  the  electrode  and  the  semi¬ 
conductor  contains  many  electron  levels  not  characteristic  of  either 
material.  These  interface  states  may  strongly  influence  the  behavior 
of  the  contact  even  when  such  a  layer  is  only  a  few  atoms  thick.  The 
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chemical  potential  diagram  shows  that  if  such  a  layer  is  rich  in  elec¬ 
tron  energy  states  and  has  a  high  chemical  potential  as  might  be  the 
case  for  a  disorderly  P  type  oxide,  then  the  fermi  level  of  the  ger¬ 
manium  should  be  depressed  producing  a  cloud  of  holes. 

If  the  interface  layer  is  extremely  thin  so  that  electrons  may  tunnel 
from  the  metal  to  the  semiconductor,  then  the  chemical  potential  of  the 
metal  becomes  the  controlling  factor.  The  behavior  of  such  contacts  in 
fact  may  provide  valuable  information  about  the  chemical  potential  of 
materials  placed  in  contact  with  them. 


Abstract  Number  86 


EFFECTS  OF  SURFACE  TREATMENTS  IN  LOW  PRESSURE 
GAS  ATMOSPHERES  UPON  CHARACTERISTICS  OF 
EVAPORATED  SURFACE -BARRIER  RECTIFIERS 

Patricia  A.  Hartlg 

Research  Division,  Philco  Corporation 
Philadelphia,  Pa. 


A  study  of  the  effect  of  low  energy  gas  discharges  on  the  surface  of 
freshly  etched  germanium  was  undertaken  in  order  to  further  under¬ 
stand  the  mechanism  leading  to  large  area  metal-germanium  rectifying 
contacts.^i*>*  The  effective  barrier  height  at  the  surface  of  the  germa¬ 
nium  directly  under  the  metal  can  be  widely  varied  by  the  method  to  be 
described. 

A  nickel  tab  was  soldered  to  one  end  of  the  sample  (5  x  2.5  x  0.5  mm) 
to  provide  both  an  ohmic  contact  and  a  convenient  means  of  mounting. 
For  most  of  the  work,  5  ohm-cm  n-type  germanium  was  used.  Each 
sample  was  etched  in  a  7:4  (HNOjiHF)  etch  just  before  being  placed  in 
the  vacuum  system  which  is  schematically  shown  in  Figure  1(a).  After 
an  initial  evacuation  to^l0~*  mm  of  Hg.,  the  desired  gas  was  admitted 
to  the  pressure  of  a  few  millimeters.  A  glow  discharge  was  set  up  be¬ 
tween  the  germanium  and  the  collimating  shield  of  the  evaporator  (see 
Figure  1(b)  using  a  Tesla  coil  as  the  voltage  source.  When  more  than 
one  gas  was  used,  the  system  was  re -evacuated  and  the  second  gas  ad¬ 
mitted.  After  the  final  gas  was  pumped  out,  platinum  dots  were  evapo¬ 
rated  onto  the  bombarded  surface  from  a  tungsten  wire.  Evaporation 
was  done  at  a  pressure  of -^5  x  10~*  mm  of  Hg.  Platinum  was  chosen 
for  the  metal  contact  because  it  consistently  produced  excellent  diodes 
when  no  discharge  was  used.  Two  dots  were  evaporated  simultaneously 
onto  each  sample  and  many  runs  of  each  experiment  were  made  to  ver¬ 
ify  the  accuracy  of  the  results. 

The  characteristics  of  the  diodes  were  judged  by  the  shape  of  the 
current-voltage  curves  with  particular  attention  paid  to  the  quality  and 
magnitude  of  the  reverse  saturation  current.  It  is  predicted  by  metal- 
semiconductor  diode  theory*  that  the  electron  saturation  current  is 

Jns  =  120  t2  e-q^/k  T 

where  T  is  the  absolute  temperature  and  0o  is  the  height  of  the  barrier 
at  the  surface  measured  from  the  Fermi  level.  Since  the  hole  satura¬ 
tion  current  may  be  calculated  from  the  bulk  properties  of  the  material 
by® 

Jps  =  q  *^P 
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Fig.  1— (a)  Schematic  diagram  of  vacuum  system,  (b)  Evaporator. 


the  electron  part  of  the  current  is  readily  determined  from  the  meas¬ 
ured  total  saturation  current. 


Jsat  =  Jps  +  Jns 

In  most  cases  the  hole  current  is  small  so  that  Jg^t  itself  a  direct 
measure  of  the  effective  barrier  height.  At  first,  area  measurements 
were  made  by  checking  the  diode  capacitance.*  Optical  methods  gave 
equivalent  results  so  were  later  adopted. 

In  each  part  of  the  experiment,  a  comparison  was  made  with  the 
normal  platinum  diodes.  These  gave,  after  a  brief  clean-up  etch,  ex¬ 
cellent  back  saturation  by  -0.1  volt  with  saturation  currents  In  the 
range  of  3  -  10  //a  for  a  diode  diameter  of  0.7  mm.  This  corresponds 
to  a  current  density  of  about  1  -  2  x  10~*  amps/cm^  and  a^o  of  0.59  ev. 
Diode  breakdown  started  at  anywhere  from  50  volts  up  and  was  very 
sharp.  This  maximum  back  voltage  tended  to  decrease  slightly  with 
time.  Before  etch  the  current  level  was  higher  by  a  factor  of  10  or  so 
with  almost  no  saturation.  Curves  a  and  b  of  Figure  2  show  the  typical 
I  -  V  characteristics  of  a  normal  diode  before  and  after  etch  with  for¬ 
ward  and  reverse  currents  plotted  in  the  same  quadrant. 


Ivl  IN  VOLTS 

Fig.  2— (a)  Forward  and  reverse  characteristics  of  plati¬ 
num  diode  before  etching,  (b)  Forward  and  reverse  charac¬ 
teristics  of  platinum  diode  after  etching,  (c)  Ohmic  I-V 
curve. 


The  results  of  gas  discharges  on  the  germanium  surface  before 
depositing  platinum  are  as  follows: 

1.  Hydrogen  alone.  A  discharge  for  as  long  as  one-half  hour  re¬ 
sulted  in  slightly  poorer  rectifiers  than  normal.  The  general  shape  of 
the  curves  was  essentially  the  same  as  for  the  normal  case,  however, 
and  the  slightly  higher  saturation  currents  were  almost  within  experi¬ 
mental  deviation. 

2.  Oxygen  alone.  Discharge  completely  destroyed  rectification  in 
less  than  three  minutes.  The  result  was  an  ohmic  contact  of  the  order 
of  100-200  ohms  as  shown  in  curve  c  of  Figure  2.  Repeated  clean-up 
etching  did  not  change  the  result,  indicating  that  the  surface  directly 
under  the  platinum  had  been  altered. 

3.  Oxygen  followed  by  hydrogen.  This  shows  a  result  similar  to  oxy¬ 
gen  alone  (almost  ohmic)  before  etch.  After  etch,  however,  the  samples 
rectified  very  well— almost  comparable  with  the  standard  diode.  Hence, 
although  the  diode  was  effectively  “shorted  out”  before  etching,  a  condi¬ 
tion  leading  to  rectification  had  been  restored  under  the  metal. 

4.  Hydrogen  followed  by  oxygen.  Hydrogen  delays  the  destruction  of 
rectification  by  the  oxygen.  Experimentally  it  was  found  that  more  than 
15-30  seconds  of  hydrogen  prevents  the  destruction  by  oxygen  in  five 
minutes,  giving  an  almost  normal  diode  both  before  and  after  etch. 
Oxygen  alone  destroys  rectification  in  considerably  less  time. 

5.  Nitrogen  alone.  Same  result  occurred  here  as  for  oxygen  alone 
only  the  rectification  was  completely  destroyed  in  less  than  two  sec¬ 
onds. 

6.  Nitrogen  followed  by  hydrogen.  A  minimum  of  20  minutes  of  hy¬ 
drogen  restores  rectification  after  three  minutes  of  nitrogen  in  a  man¬ 
ner  similar  to  the  oxygen- hydrogen  case.  That  is,  samples  were  ohmic 
before  etch  and  essentially  normal  afterwards. 

7.  Hydrogen  followed  by  nitrogen.  Nitrogen  apparently  has  a 
stronger  effect  than  oxygen  in  the  destruction  of  rectification  as  it  took 
30  minutes  of  hydrogen  to  prevent  destruction  by  30  seconds  of  nitrogen. 
(See  4  above).  As  in  the  oxygen  case,  those  samples  that  rectified 
showed  almost  normal  characteristics  both  before  and  after  etch.  Vari¬ 
ous  stages  in  the  destruction  of  rectification  are  shown  in  Figure  3. 

8.  Argon.  Up  to  one  hour  of  discharge  produced  slightly  poorer 
diodes  than  normal  as  in  the  case  of  hydrogen  used  alone. 

The  fact  that  both  oxygen  and  nitrogen  discharges  each  destroy  rec¬ 
tification  indicates  that  they  both  produce  an  n-type  layer  on  the  sur¬ 
face,  thus  lowering,  or  completely  removing  the  barrier.  This  was 
further  substantiated  by  the  fact  that  slight  p-type  surface-barrier  rec¬ 
tification  was  induced  on  p-type  material  after  exposure  to  these  gases, 
whereas  large  area  metal  contacts  on  this  type  of  germanium  are  usu¬ 
ally  ohmic.  Hydrogen,  although  it  may  raise  the  already  high  barrier 
when  used  by  itself,  does 
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Fig.  3— Reverse  characteristics  after  clean-up  etch  show¬ 
ing  progressive  stages  in  the  destruction  of  rectification  by 
nitrogen  following  a  30  minute  hydrogen  discharge. 


1)  retard  the  lowering  of  the  barrier  by  oxygen  and  nitrogen  when 
used  first,  and 

2)  restore  its  high  value  when  used  afterwards. 

Thus  hydrogen  tends  to  make  the  surface  p-type. 

These  experiments  can  be  explained  by  the  assumption  that  the 
gases  enter  the  lattice  during  bombardment— nitrogen  and  oxygen  act¬ 
ing  as  donors,  hydrogen  acting  as  an  acceptor. 
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TABLE  OF  RESULTS 

Quality  of  Surface-Barrier  Rectification 
on  5  ohm-cm  n-type  germanium  after 
low  energy  gas  discharges 

Type 


Material 

Gas 

Duration  of  Dlscha?rge 

Result 

N 

None 

Normal* 

N 

H, 

< 1/2  hour 

Almost  normal* 

N 

0, 

<3  minuteb** 

Ohmic 

N 

8-15  min.,  30  min.*» 

Ohmic  before  etch,  almost 

normal  after. 

N 

H,,  O, 

>15-30  sec.,  5  min. 

Almost  normal* 

<  15-30  sec.,  5  min. 

Ohmic 

N 

N, 

>2  sec. 

Ohmic 

N 

N„H, 

3  min., >20  min. 

Ohmic  before  etch,  almost 

normal  after. 

3  min., <20  min. 

Ohmic 

N 

Ha.N, 

30  min., >30  sec. 

Ohmic 

30  min.  ,<30  sec. 

Almost  normal* 

N 

A 

<1  hour 

Almost  normal* 

P 

0. 

40  min.*» 

Slight  p-type  rectification 

P 

N, 

20  min.** 

Slight  p-type  rectification 

*  Normals  characteristics  similar  to  best  platinum  diodes  both  before  and  after 
etch. 

**  Critical  times  not  established. 
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THE  EFFECT  OF  WATER  VAPOR  ON  GERMANIUM 
AND  SILICON  JUNCTIONS 

J.T.  Law  and  P.S.  Meigs 

Bell  Telephone  Laboratories,  Incorporated, 
Murray  Hill,  N.J. 


The  variation  in  reverse  dark  current  of  germanium  np  junction  units 
with  humidity  has  been  previously  discussed^t^  and  it  appears  that  at 
least  two  conduction  mechanisms  are  operative.  These  are,  firstly  a 
channel  conduction  where  the  carriers  are  electrons  and  holes  in  an  in¬ 
version  region  at  the  surface  and  secondly  an  ionic  process  where  the 
charge  carriers  are  actual  ions  which  move  across  the  surface  in  the 
multilayers  of  adsorbed  water. 

In  the  present  work,  the  junction  unit  was  placed  in  a  vacuum  system 
to  which  water  vapor  could  be  admitted  at  various  pressures.  This 
eliminated  the  necessity  of  using  a  carrier  gas  such  as  nitrogen.  The 
unit  was  biased  in  the  reverse  direction  and  a  chopped  light  spot  moved 
across  the  surface  normal  to  the  bulk  junction.  The  A.C.  photoresponse 
could  be  measured  as  a  function  of  distance.  The  presence  of  a  plateau 
in  the  photoi^sponse-distance  curve  is  evidence  of  the  existence  of  a 
channel  whose  length  is  given  by  the  length  of  the  plateau. 

In  the  early  stages  of  the  present  work,  it  was  noted  that  illumina¬ 
tion  of  the  surface  with  steady  light  caused  a  marked  decrease  in  the 
length  of  the  channel  and  in  fact  at  high  light  intensities  the  channel  dis¬ 
appeared  altogether.  This  effect  is  shown  in  Figure  1.  This  gives  us  a 
means  of  separating  channel  and  ionic  conduction.  If  one  measures  re¬ 
verse  current  as  a  function  of  steady  light  intensity  at  a  series  of  hu¬ 
midities  one  of  two  things  should  happen: 

(1)  If  we  are  only  dealing  with  channel  conduction,  the  current  at  high 
light  intensities  in  the  wet  condition  (when  the  channel  no  longer  exists) 
should  approach  the  corresponding  current  observed  for  the  dry  state. 

(ii)  If  ionic  conduction  is  the  controlling  mechanism  the  increase  in 
current  between  the  dry  and  wet  states  should  be  the  same  irrespective 
of  the  light  intensity. 

These  measurements  were  carried  out  and  the  results  are  shown  in 
Figure  2.  The  results  shown  were  taken  at  20  volts  but  similar  curves 
were  obtained  between  5  and  60  volts.  At  low  humidities  the  surface 
recombination  rate  changes  and  this  accounts  for  the  change  in  slope 
between  curves  1  and  2.  From  30%  humidity  to  saturation,  however,  the 
lines  are  effectively  parallel  so  that  the  majority  of  the  excess  current 
must  be  carried  by  a  mechanism  that  is  not  affected  by  the  amount  of 
steady  light;  i.e.,  ionic  conduction. 
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Attempts  were  now  made  to  suppress  ionic  conduction  by  cooling 
below  the  freezing  point  of  the  adsorbed  water  (where  the  ionic  mobil¬ 
ities  must  be  very  low)  and  to  measure  channel  conduction.  We  placed 
a  p-n  junction  unit  in  a  high  humidity  ambient  and  cooled  to  ISO^K  with 
the  bias  applied  and  then  warmed  slowly  to  room  temperature,  measur¬ 
ing  the  temperature  of  the  bar  (with  a  thermocouple)  and  the  reverse 
current.  The  results  are  shown  in  Figure  3  where  it  can  be  seen  that 
the  current  is  practically  zero  until  temperatures  close  to  273°K  are 
reached.  The  current  begins  to  increase  rapidly  at  263°K  but  due  to  the 
crudeness  of  the  experimental  setup  this  temperature  could  be  in  error 
by  several  degrees.  An  accurate  measurement  of  this  temperature 
would  be  extremely  useful  as  a  means  of  determining  the  melting  point 
of  adsorbed  water,  which  is  undoubtedly  different  from  that  of  the  bulk 
medium.  This  rapid  increase  of  current  near  the  melting  point  of  ice 
confirms  the  previous  observation  that  an  ionic  conduction  mechanism 
is  the  important  one  in  increasing  reverse  currents  of  n-p  junction 
units  in  high  humidity  ambients.  A  similar  curve  is  shown  for  the  ef¬ 
fect  of  ethyl  alcohol.  In  this  case  the  current  increases  at  165°K.  Th<^ 
melting  point  of  pure  ethyl  alcohol  is  ISC^K  but  the  material  used  could 
easily  have  been  contaminated  with  water.  No  normal  junction  could 
be  expected  to  show  an  appreciable  current  at  these  low  temperatures 
so  that  the  mechanism  must  be  one  involving  ions. 

In  Figure  4,  the  reverse  dark  current  of  a  silicon  junction  unit  is 
plotted  as  a  function  of  voltage  at  several  humidities.  The  primary  ef¬ 
fect  of  water  vapor  is  to  increase  the  saturation  current  without  mark¬ 
edly  affecting  the  breakctown  voltage— except  at  100%  relative  humidity. 
These  changes  are  what  one  would  expect  for  the  formation  of  a  channel 
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or  surface  inversion  region.  The  effective  area  of  the  junction  was  in¬ 
creasing  so  that  the  current  increased  but  no  marked  change  was  made 
in  the  breakdown  voltage.  As  the  channel  increased  in  size  the  current 
would  be  expected  to  saturate  at  steadily  higher  voltages  and  this  is 
what  was  actually  found.  In  vacuum,  it  saturated  at  less  than  0.5  volt 
while  at  80%  relative  humidity  it  did  not  saturate  until  a  bias  of  2  volts 
was  applied.  One  might  expect  to  observe  the  growth  of  the  channel  in 
the  photoresponse  curve,  no  change  was  apparent  until  the  unit  was  in 
100%  water  vapor.  As  we  could  detect  a  channel  of  0. 1  mm  length,  we 
must  conclude  that  the  one  existing  at  humidities  below  saturation  was 
shorter  tl^  this.  This  means  that  its  saturation  current  was  >2  x  10~* 
amps/cm^  compared  with  the  bulk  junction  saturation  current  of 
7  X  10~8  amps/cm^.  At  saturation,  the  current  was  1  x  lO'*^  amps/cm^. 


Fig.  3 

This  formation  of  channels  without  the  complication  of  ionic  conduc¬ 
tion  is  just  what  one  would  expect  in  the  presence  of  a  stable  oxide  film. 
The  difference  between  these  results  and  those  obtained  on  germanium 
is  further  evidence  that  in  the  latter  case  another  conduction  mechanism 
is  present. 

When  a  silicon  junction  on  which  a  channel  has  been  found  is  exposed 
to  steady  light,  the  channel  decreases  in  approximately  the  same  way 
as  was  found  for  germanium  units.  However,  if  the  reverse  current  is 
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plotted  as  a  function  of  light  intensity  for  various  humidities,  we  do  not 
get  a  series  of  parallel  straight  lines  as  we  did  for  germanium.  As  the 
channel  increases  in  size  the  lines  have  a  larger  initial  slope  but  de¬ 
part  from  linearity.  This  is  the  same  effect  that  was  found  for  chan¬ 
nels  on  the  n-side  of  a  germanium  junction  and  is  further  proof  that 
the  excess  current  carrying  mechanism  is  electronic  in  nature. 
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OBSERVATION  OF  CHANNEL  FORMATION 
ON  N  AND  P-TYPE  SEMICONDUCTORS 
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In  recent  years  it  has  become  widely  recognized  that  the  surface  of 
a  semiconductor  may  be  of  the  opposite  conductivity  type  from  the  in¬ 
terior  of  the  crystal,  which  results  from  the  chemical  and  physical 
properties  of  the  surface.  There  are  many  possibilities  for  tte  origin 
of  the  differences  of  the  surface  from  the  bulk  including  surface  states 
or  “Tamm”  levels,  interface  states,  dislocations  at  the  surface  caused 
by  creating  the  surface,  high  impurity  density  at  the  surface  due  either 
to  the  production  of  the  surface  or  to  contamination  by  the  atmosphere 
around  the  surface.  The  surface  Fermi  level,  i.e.,  the  position  of  the 
Fermi  level  relative  to  the  band  structure  of  the  semiconductor  at  the 
surface,  is  thus  much  more  dependent  on  the  condition  of  the  surface 
than  on  the  Fermi  level  of  the  bulk,  at  least  in  the  purer  samples. 

In  general,  two  methods  have  been  used  for  the  measurements  of  sur¬ 
face  conditions.  The  first  is  to  examine  the  rectification  characteristics 
of  a  surface  contact,  and  imply  the  existence  or  non-existence  of  an  in¬ 
version  layer  under  the  contact  from  these  rectification  characteris¬ 
tics^’*.  The  second  method  is  the  measurement  of  properties  dependent 
on  the  surface  Fermi  level  directly  while  the  “free”  surface  is  exposed 
to  differing  ambient  conditions.  These  include: 

1)  contact  potential  measurement* 

2)  change  in  contact  potential  with  illumination* 

3)  ‘Channel  Effect” 

4)  Surface  Conductance*  or  mobility. 

This  list  will  probably  be  expanded  in  the  future.  It  is  the  measure¬ 
ment  of  these  last  two  phenomena  which  will  be  discussed  here. 

The  ‘Channel  Effect”  was  first  observed  in  transistors  by  Brown,  and 
since,  several  workers  have  extended  the  concepts  to  diodes.  In  exam¬ 
ining  diodes  for  channel,  a  plot  is  made  of  the  photo  response  of  a  p-n 
junction  bar  as  a  function  of  the  distance  from  the  junction.  When  there 
is  no  channel  present,  the  response  falls  exponentially  as  exp'^^m 
where  Lm  is  the  diffusion  length  of  the  minority  carrier.  If  a  channel 
is  present,  i.e.,  if  an  inversion  layer  exists  at  the  surface,  the  response 
will  extend  fur^r,  since  the  photosensitive  junction  now  extends  along 
the  surface.  The  measurement  of  channel  length  suffers  lack  of 
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resolution  due  to  the  magnitude  of  the  diffusion  length.  U,  however,  the 
high  frequency  response  of  the  diode  is  examined,  the  response  now 

falls  as  exp  -x/L'm  where  Lm'  =  KDni/w»  which  is  the  effective  diffu¬ 
sion  length  at  the  frequency  u  (6;»l/rm).  Thus  the  resolution  of  the 
measurement  may  be  increased  by  a  factor  of  ^20  in  using  light  chopped 
at  3  mcps. 

Apparatus  for  examining  channels  at  high  frequencies  which  gives  a 
two-dimensional  plot  of  the  channel  response  is  shown  in  Figure  1.  The 
light  source  is  a  flying  spot  scanner  which  has  been  modified  to  give 
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FLYING  SPOT  SCANNER  "CHANNEL."  DISPLAY 
Fig,  1 


light  chopped  at  3  mcps.  This  moving  light  source  is  focused  by  a  mi¬ 
croscope  objective  on  the  junction  bar.  The  photovoltage  resulting  is 
amplified  and  displayed  on  a  video  display  unit  which  is  in  synchronism 
with  the  scanner.  Amplitude  data  is  displayed  on  an  oscilloscope. 

This  apparatus  makes  possible  the  observation  of  the  transient 
changes  in  the  channel  as  the  ambient  gas  is  changed,  or  as  the  voltage 
applied  across  the  diode  is  changed.  Time  constants  of  the  order  of  1 
second  have  been  found  for  the  channel  to  come  to  equilibrium  after  a 
step  voltage  is  applied  to  the  junction.  This  indicates  that  the  states 
causing  the  channel  are  not  the  centers  for  surface  recombination  which 
must  have  shorter  time  constants.  As  the  ambient  gases  are  changed, 
the  channel  may  be  changed  from  the  n  to  p  side  of  the  bar  and  back, 
with  time  constants  of  the  order  of  a  few  seconds,  which  may  be  entirely 
due  to  the  amount  of  time  necessary  for  the  change  of  ambient.  The 
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effects  of  several  gases  have  been  observed.  The  halogens  form  a 
strong  channel  on  the  n  side  of  the  junction.  Oxygen  forms  a  slight 
channel  on  the  n  side,  which  is  not  increased  appreciably  by  ozone.  A 
strong  channel  on  the  p  side  was  produced  by  ammonia  as  well  as  by 
water  vapor.  Channels  have  been  observed  within  five  minutes  after 
etching  in  HF,  which  presumably  removes  most  of  the  oxide  from  the 
surface,  so  channel  phenomena  are  not  necessarily  dependent  upon  the 
existence  of  a  thick  oxide  layer. 

Channels  have  been  observed  on  silicon  grown  junction  bars,  and  al¬ 
though  the  channel  lengths  are  much  smaller,  they  are  qualitatively  the 
same  in  their  behavior  as  channels  on  germanium. 

Motion  pictures  have  been  taken  of  the  growth  and  decay  of  channels 
with  ambient  gas  and  voltage  and  wiU  be  presented. 

The  actual  surface  Fermi  level  has  been  determined  from  the  con¬ 
ductance  of  a  thin  bar  as  a  function  of  the  ambient  atmosphere.  Figure  2 
shows  the  change  in  surface  conductance  as  a  function  of  surface  Fermi 
energy  after  Schwarz^.  It  can  be  seen  that  if  the  sample  may  be  moved 
through  the  minimum  conductance,  the  actual  surface  Fermi  energy 
may  be  determined  by  knowing  the  magnitude  and  type  of  the  excess 
conductance  of  the  bar.  Figure  3  shows  typical  data  on  the  conductance 
of  a  thin  bar  for  the  wet-dry  oxygen  cycle.  A  minimum  is  observed  as 
the  surface  changes  from  n  to  p— type,  and  the  total  change  in  surface 
Fermi  energy  is  about  .3  volts.  It  is  observed  that  the  surface  Fermi 
energy  is  not  uniquely  determined  by  the  atmosphere,  but  is  dependent 
on  the  past  history  of  the  sample. 
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OXIDATION  OF  CLEAN  SURFACES  OF 
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The  oxidation  of  germanium  is  of  particular  interest  because  there 
appears  to  be  a  relationship  between  the  surface  sensitive  electrical 
properties  and  the  nature  and  extent  of  the  oxide  layer  on  the  germanium 
surface. 

One  region  of  interest  is  in  the  oxide  layer  formed  on  a  clean  sur¬ 
face.  A  method  was  devised  to  study  a  truly  fresh  surface  exposed  to  an 
oxygen  atmosphere.  This  is  achieved  by  crushing  a  sample  in  the  pres¬ 
ence  of  oxygen  in  an  all-glass  system. 

The  apparatus  used  is  shown  in  Fig.  1.  The  experimental  procedure 
was  as  follows:  The  sample,  a  germanium  disc,  about  1  cm  in  diameter 
and  0.62  mm  thick  was  placed  at  the  bottom  of  a  cylindrical  tube  about 
12  mm  I.D.  The  Pyrex  encased  iron  core  hammer  was  placed  on  top  of 
the  sample,  the  system  was  evacuated  and  outgassed  and  then  filled  with 
oxygen  to  the  desired  pressure.  The  pressure  was  determined  using  a 
thermistor  gauge.  The  d.c.  signal  from  the  gauge  circuit  was  fed  to  a 
Brush  d.c.  amplifier  and  recorder,  thus  the  pressure  in  the  system  was 
recorded  continuously.  The  adsorption  system  was  then  sealed  off  from 
the  vacuum  and  gas  handling  apparatus  so  that  in  use,  the  former  was 
simply  a  Pyrex  tube  with  no  stopcocks,  grease,  or  other  components 
which  might  interfere  with  the  measurement. 

The  hammer  was  then  raised  and  dropped  several  times  by  the  use  of 
a  permanent  magnet.  The  sample  was  thus  crushed,  exposing  a  truly 
fresh  surface  to  the  oxygen  atmosphere.  The  change  in  oxygen  pressure 
in  the  sys.  ''m  due  to  crushing  of  the  germanium  was  measured,  and  tlie 
amount  of  oxygen  adsorbed  by  the  freshly  exposed  surface  determined. 
After  the  adsorption  measurements  were  made,  the  sample  was  care¬ 
fully  transferred  to  a  set  of  sieves.  This  transfer  process  was  carried 
out  using  methyl  alcohol;  the  use  of  the  liquid  in  transferring  the  fine 
germanium  particles  insured  that  no  dust  was  left  behind  in  the  glass 
system.  These  samples  were  then  subjected  to  a  partial  size  analysis, 
by  collecting  the  various  sieve  fractions  and  weighing  them.  The  datti 

*  The  research  in  this  document  was  supported  jointly  by  the  Army, 
Navy,  and  Air  Force  under  contract  with  the  Massachusetts  Institute 
of  Technology. 
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Fig.  1— Ge  crushing  apparatus 


for  surface  area  was  calculated  on  the  assumption  that  the  particles 
were  smooth  and  spherical  in  shape.  Such  a  calculation  necessarily 
will  yield  a  surface  area  somewhat  on  the  low  side.  The  true  surface 
area  was  probably  about  a  factor  of  two  greater  than  the  calculated 
area. 

It  was  not  possible  to  determine  a  time  constant  for  the  oxidation 
process  with  this  apparatus  because  the  response  time  of  the  vacuum 
gauge  was  too  slow.  However,  in  all  samples  treated,  an  immediate  up¬ 
take  of  oxygen  was  observed  upon  crushing,  and  no  further  uptake  was 
observed  even  after  four  days.  It  can  be  stated  that  for  the  pressure 
range  studied,  (2  -  200  microns  of  oxygen)  the  oxidation  process  stops 
within  five  seconds  of  exposure  of  the  surface  to  oxygen. 

A  side  tube  was  added  to  the  adsorption  vessel  to  serve  as  a  cold 
trap.  Oxygen  saturated  with  water  vapor  was  then  added  and  the  system 
sealed  off.  The  side  tube  was  then  cooled  to  liquid  nitrogen  temperature 
to  condense  out  water.  The  sample  was  crushed  in  this  dry  oxygen  at¬ 
mosphere  and  the  final  pressure  recorded.  The  side  trap  was  then 
warmed  to  room  temperature  and  allowed  to  stand  for  an  hour.  The 
trap  was  again  cooled  to  liquid  nitrogen  temperature  and  the  pressure 
again  recorded.  There  was  no  additional  oxygen  take-up  during  the 
period  of  exposure  to  the  oxygen-water  vapor  system,  indicating  that 
water  vapor  has  no  effect  on  the  extent  of  oxidation  of  germanium  sur¬ 
faces. 

The  effect  of  temperature  on  the  extent  of  oxidation  was  studied  in 
'  the  following  manner.  The  sample  was  cooled  to  -65°C,  then  crushed 
and  the  amount  of  oxygen  adsorbed  was  recorded.  The  sample  was  then 
brought  by  stages  to  -t-dCFC  and  at  each  stage  the  final  pressure  was  re¬ 
corded.  The  amount  of  oxygen  adsorbed  was  about  15  per  cent  greater 
at  +90^C  than  at  -65®C. 
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manner.  A  freshly  etched  sample  of  germanium,  with  surface  area  of 
about  100  cm  sq.  was  placed  in  one  limb  of  a  mercury  manometer  and 
the  pressure  of  oxygen  adjusted  to  65  cm  Hg.  The  differential  pressure 
in  the  manometer  was  then  measured  with  a  cathotometer  over  a  period 
of  two  weeks.  These  measurements  were  taken  using  both  wet  and  dry 
oxygen,  and  in  both  cases  there  was  no  measurable  change  in  pressure 
during  this  time.  Since  the  first  measurement  was  taken  thirty  minutes 
after  etching,  it  was  concluded  that  no  measurable  amount  of  oxidation 
took  place  after  this  time,  and  that  if  the  germanium  had  oxidized  this 
must  have  occurred  within  thirty  minutes  after  etching. 

Several  conclusions  can  be  drawn  from  this  work: 

For  truly  clean  Ge  surfaces 

(1)  The  extent  of  oxidation  is  small,  equivalent  to  about  two  layers  of 
GeO,.  This  is  probably  the  sort  of  oxide  that  we  get  on  sandblasting  a 
surface. 

(2)  Thr  extent  of  oxidation  is  not  sensitive  to  changes  in  the  bulk 
properties  of  the  germanium;  n-  or  p-type,  high  (+90®C)  or  low  (-65°C) 
temperatures,  indicating  that  the  bands  must  be  “clamped”  at  the  sur¬ 
face  probably  due  to  Tamm  states. 

(3)  The  extent  of  oxidation  is  not  affected  by  water  vapor,  indicating 
that  a  germanium  hydroxide-germanium  oxide  cycle  of  the  type  found  in 
the  rusting  of  iron  does  not  occur. 

Etched  Surfaces 

(1)  Since  no  long-time  oxidation  occurs  with  these  surfaces  when  ex¬ 
posed  to  wet  or  dry  Oj,  we  can  conclude  that  the  long-time  changes 
formed  in  such  measurements  as  contact  potential  (Brattain  and 
Bardeen)  or  other  measurements  of  surface  sensitive  properties  made 
in  our  laboratory  cannot  be  explained  in  terms  of  simple  oxidation. 

(2)  It  is  quite  possible  that  the  oxide  layer  that  we  have  on  germanium 
as  a  result  of  etching  is  quite  different  from  that  produced  on  a  fresh 
Ge  surface,  and  in  fact  experiments  that  have  been  carried  out  would 
indicate  the  existence  of  a  considerably  thicker  oxide. 

(3)  The  changes  on  going  from  wet  to  dry  0,  may  be  associated  with 
a  reaction  on  the  oxide/gas  interface  of  the  type  0  =  +  H20220H",  which 
would  give  rise  to  new  levels  of  a  different  energy.  The  long-time  drift 
might  be  due,  in  the  case  of  a  CP4  etched  surface,  to  the  slow  descrip¬ 
tion  of  bromine.  Thus  H.  Kolm  of  our  Laboratory  has  found  that  a  CP4 
etched  sample  which  has  been  boiled  in  water  gives  much  more  stable 
readings  in  measurements  of  contact  potential  than  a  CP4  etched  sample 
which  has  merely  been  washed  with  distilled  water. 
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ETCHES  FOR  IMPERFECTIONS  IN  SI  AND  GE 
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A  knowledge  of  the  degree  of  perfection  of  a  crystal  is  vital  not  only 
in  the  production  of  semiconducting  devices  but  also  in  many  fundamen¬ 
tal  investigations.  Imperfections  decrease  the  lifetime,  give  rise  to 
resistivity  fluctuations,  and  in  fused  junction  devices  decrease  the 
breakdown  voltage,  increase  leakage,  and  sometimes  cause  shorts  due 
to  the  increased  diffusion  rate  of  the  alloying  element  in  the  imperfec¬ 
tions.  X-ray  analysis  is  often  used  in  imperfection  studies,  but  this 
has  certain  obvious  objections— one  being  the  time  usually  involved  in 
getting  a  report.  Etching  is  a  convenient  method  for  revealing  imper¬ 
fections,  and  when  used  in  conjunction  with  an  optical  goniometer  will 
furnish  all  the  information  usually  required. 

Etches  for  semiconducting  materials  can  be  considered  to  fall  into 
one  of  two  general  classifications— namely,  preferential  and  non-pref- 
erential.  A  preferential  etch  is  one  that  attacks  a  certain  crystallo¬ 
graphic  plane  thus  giving  a  characteristic  etch  pattern  on  the  surface, 
while  a  non-preferential  etch  gives  a  smooth  surface.  Actually  all 
etches  show  a  preferential  nature  under  carefully  controlled  conditions, 
but  in  the  way  etching  is  usually  done  certain  etches  appear  non-pref¬ 
erential.  Imperfections  are  attacked  much  more  vigorously  by  the  etch¬ 
ant  giving  pits  or  lines  which  are  easily  seen  on  the  smooth  surface 
formed  by  a  non-preferential  etch  but  are  difficult,  and  sometimes  im¬ 
possible,  to  distinguish  in  the  pattern  produced  by  the  preferential  etch. 
Although  the  non-preferential  etch  is  used  for  most  imperfection  deter¬ 
minations,  the  preferential  etch  gives  valuable  information  as  to  the 
crystallographic  direction  of  imperfection  lines  and  also  what  the  lines 
are. 

Slices  of  the  semiconductor  are  lapped  with  600  mesh  alundum  to 
give  a  uniform  matte  surface  free  of  scratches.  The  sample  is  then 
etched  with  the  desired  etchant  and  washed  in  water  and  alcohol.  A  few 
of  the  etches  found  useful  for  germanium  and  silicon  are  listed  below. 


Preferential 

Non-P  ref  e  rential 

Ge 

WAg 

CP4 

H,0, 

Cu 

Mixed  Acids 

Si 

CP4 

Hg 

NaOH 

Mixed  Acids 
CP4 
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For  silicon,  the  CP4  etch  has  been  listed  under  both  classifications 
because  it  gives  characteristic  pyramids  on  a  (111)  surface  and  a  non- 
preferential  appearance  on  a  (100)  surface.  The  etched  surfaces  are 
viewed  under  a  metallurgical  microscope  employing  bright  field  verti¬ 
cal  illumination.  Magnifications  from  150  to  500  are  used,  although 
occasionally  magnifications  of  1000  are  necessary. 

Individual  etch  pits,  believed  to  be  single  edge  dislocations,  show  up 
distinctly  with  the  CP4  and  Cu  etches  on  germanium  as  conical  etch 
pits.  Thermal  etching  also  produces  etch  pits  of  this  nature.  The  pits 
on  a  (100)  surface  are  found  to  have  a  four  fold  symmetry  while  those 
on  a  (111)  surface  show  a  3  fold  symmetry.  On  silicon,  the  Hg  etch 
gives  pyramidal  type  pits  while  the  mixed  acids  etch  gives  hemispheri¬ 
cal  pits.  These  dislocations  are  found  not  only  in  slices  cut  perpendic¬ 
ular  to  the  growth  axis  but  also  in  slices  cut  along  many  of  the  common 
crystallographic  planes  parallel  to  the  growth  axis. 

Lineage  lines  of  the  type  proposed  by  Burgers^  and  found  by  Vogel 
et  al*  have  been  found  on  UOO)  and  (111)  slices  of  germanium  and  silicon. 
These  show  up  with  the  CP4  and  Cu  etches  on  germanium  and  with  the 
Hg  etch  on  silicon  as  a  row  of  etch  pits  of  the  type  mentioned  above.  As 
the  angular  difference  increases,  the  etch  pits  become  closer  together 
until  they  merge  into  a  solid  line  at  an  angular  difference  of  a  few  de¬ 
grees.  Lineage  lines  in  germanium  of  the  order  of  a  degree  angular 
difference  on  (111)  and  (110)  slices  show  up  as  a  row  of  pyramids  or 
“mountains”  when  the  surface  is  etched  with  the  WAg  etch. 

Twin  boundaries  and  grain  boundaries  also  show  up  as  thin  solid 
lines  with  a  non-preferential  etch.  In  order  to  determine  the  type  of 
line  exposed  by  the  non-preferential  etch,  the  surface  is  relapp^  and 
etched  with  a  preferential  etch.  A  lineage  boundary  will  show  the  same 
etch  pattern  on  both  sides  of  the  boundary  while  a  twin  or  grain  bound¬ 
ary  will  have  a  different  etch  pattern  on  each  side  of  the  boundary.  The 
etch  pattern  on  each  side  of  the  boundary  will  differentiate  between  the 
twin  and  grain  boundary. 

Dislocations  and  lineage  lines  have  been  observed  on  indium  antimo- 
ide  using  the  CP4  and  the  mixed  acids  etches.  The  HjO,  etch  is  found  to 
be  preferential. 
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ELECTROLYTIC  ETCHING  OF  SEMICONDUCTORS 
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Electrolytic  etching  is  a  convenient  process  for  shaping  the  semi¬ 
conducting  bodies  employed  in  the  manufacture  of  surface -barrier 
transistors  and  rectifiers.  The  fact  that  potential  differences  may  exist 
within  various  regions  of  a  semiconductor  which  affect  the  nature  and 
the  rate  of  electrolytic  action  cause  this  process  to  have  several  peculi¬ 
arities  which  must  be  taken  into  account 

While  it  is  possible  to  limit  the  etching  action  to  the  specific  areas 
desired  by  means  of  surface  coatings  which  protect  those  areas  which 
it  is  desired  to  leave  undistrubed,  this  p  ractice  is  not  always  desirable 
since  it  may  unfavorably  affect  the  che  nical  potential  of  the  semicon¬ 
ductor  surface  which  should  preferably  r>e  kept  in  a  clean  condition.  It 
has  proved  convenient  to  define  the  area  to  be  etched  by  means  of  fine 
jets  of  electrolyte  expelled  from  glass  nozzles.  One  cf  the  electrodes  is 
attached  to  the  semiconductor  through  an  ohmic  contact  while  the  other 
is  placed  in  the  liquid  reservoir  supplying  the  jet.  A  very  large  variety 
of  electrolytes  will  satisfactorily  etch  germanium  and  a  somewhat 
smaller  group,  silicon. 

With  some  N  type  semiconductors  of  which  germanium  is  an  example, 
a  surface  barrier  forms  during  the  etching  process  which  tends  to 
greatly  increase  the  resistance  of  the  semiconductor  adjacent  to  the 
electrolyte.  This  effect  can  be  usefully  controlled  by  exposing  the  re¬ 
gion  to  be  etched  to  strong  illumination  with  visible  light.  The  illumina¬ 
tion  produces  electronhole  pairs  in  the  material  causing  a  controlled 
flow  of  current. 

The  potential  in  the  interior  of  a  piece  of  N  type  semiconductor  can 
be  displaced  in  the  negative  direction  by  a  nearby  rectifying  electrode. 

If  such  an  electrode  is  attached  to  the  opposite  side  of  a  specimen  of  N 
type  germanium  during  electrolytic  etching  then  the  etching  action  will 
stop  abruptly  when  the  jet  has  penetrated  to  the  region  of  negative  in¬ 
terior  potential.  Additional  etching  merely  serves  to  expose  more  of 
the  equipotential  surface  within  the  material.  The  remaining  stratum 
of  germanium  extending  from  the  exposed  surface  to  the  electrode  has 
a  thickness  approximately  equal  to  1.1  i^rV  microns  where  r  is  the  re¬ 
sistivity  of  the  N  type  germanium  and  V  is  the  potential  with  respect  to 
the  semiconductor  applied  to  the  rectifier  electrode  on  the  reverse 
side.  This  structure  provides  a  convenient  means  of  thickness  control 
for  semicond'icting  devices.  Using  this  process  a  precaution  is  often 
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useful;  The  electrolyte  should  preferably  contain  no  metal  which  when 
electroplated  upon  the  germanium  surface  will  cause  strong  emission 
of  positive  charge  carriers  or  "holes”  since  such  a  metal  would  be  de¬ 
posited  upon  the  exposed  equipotential  surface,  the  very  large  electric 
currents  then  passing  to  the  rectifying  electrode  from  the  electro- 
deposited  metal,  resulting  in  possible  damage  of  the  specimen  or  dis¬ 
turbance  of  the  rectifying  electrode  potential.  A  dilute  solution  of  so¬ 
dium  nitrite  has  proved  satisfactory  with  N  type  germanium  for  most 
purposes. 

If  after  the  equipotential  surface  has  been  exposed,  the  rectifying 
electrode  potential  is  increased  in  the  negative  direction,  etching  con¬ 
tinues  at  a  different  equipotential  causing  a  step  in  the  surface.  A  pre¬ 
scribed  variation  of  rectifying  electrode  potential  can  control  the  con¬ 
tour  of  the  excavation  subject  to  the  limitation  that  no  portion  of  the 
bottom  of  the  pit  can  be  convex  toward  the  jet. 


175 


‘  4 

- 

'  ■  '  i  i  '  ' :  ■ 

1  • 

1 

’  '  .  . 

1 

Abstract  Number  92 


THE  PURIFICATION  OF  GERMANIUM 
THE  GERMANIUM  TETRACHLORIDE -ARSENIC 
TRICHLORIDE  SYSTEM* 

Mino  Green**  and  James  A.  Kafalas** 

Lincoln  Laboratory,  Massachusetts  Institute 
of  Technology  Lexington,  Massachusetts 

The  purification  of  GeCI,  has  attracted  attention  because  of  its 
importance  as  a  stage  in  the  preparation  of  pure  germanium.^  The  an¬ 
hydrous  system  GeCI,— AsCl,  has  been  investigated  by  Sebba,^  who 
found  that  the  vapour- liquid  equilibrium  curve  showed  no  azeotropes, 
and  so  concluded  that  the  two  compounds  could  be  separated  by  frac¬ 
tional  distillation.  The  system  was  also  studied  in  a  packed  fractiona¬ 
ting  column  by  Cluley  and  Chirnside.*  They  reported  high  overall 
separation  when  the  mole  fraction  of  AsCl,  was  10~’  or  greater,  but 

comment  that  “ . when  the  starting  material  contained  only  a  few 

parts  per  million  of  arsenic,  the  purification  factor  achieved  was  very 
small  and  this  work  showed  that  redistillation  was  of  little  value.  .  .  .  .” 
The  experimental  investigation  reported  here  was  undertaken  with  a 
two-fold  object  in  view:  to  test  the  practicality  of  fractional  distilla¬ 
tion  as  a  method  for  obtaining  pure  GeCl^  (i.e.  [  AsCl,]  /  [  GeCl4}<10~*, 
and,  at  the  same  time,  if  possible,  to  explain  the  data  obtained  by  Cluley 
and  Chlrnside.  In  particular  it  seemed  difficult  to  understand  the  rapid 
decrease  in  fractionation  at  low  AsCl,  concentrations. 

The  re-examination  of  the  GeCl^— AsCl,  vapour-liquid  system  has 
given  results  in  substantial  agreement  with  Sebba’s  data.  In  addition, 
a  more  detailed  study  of  the  system  in  the  region  poor  in  AsCl,  shows 
that  the  relative  volatility  is  constant  from  5  x  10~‘  mole  fraction  AsCl, 
in  the  liquid  down  to  6  x  10~^°.  This  is  not  surprising  since  every  AsCl, 
molecule  must  be  entirely  surrounded  by  GeCl^  molecules  and  so  mutual 
interactions  between  AsCl,  molecules  are  negligible.  In  the  part  of  the 
system  which  is  poor  in  GeCl^,  the  same  reasoning  applies  and  the  rel¬ 
ative  volatility  becomes  constant  at  about  5  x  10"*  mole  fraction  GeCl^. 
This  is  not  obvious  from  Fig.  1  because  of  the  use  of  a  log  scale  for 
mole  fractions.  There  was  no  evidence  of  azeotrope  formation  in  this 
system. 

The  distillation  studies  showed  that  the  GeCI,— AsCl,  mixtures  be¬ 
have  in  a  perfectly  normal  manner  if  concentration  changes  were  fol¬ 
lowed  by  a  radiotracer  method.  However,  the  results  of  absolute 
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Fig.  1— Variation  of  alpha  a  with  composition. 

arsenic  analyses  indicate  that  there  is  a  source  of  arsenic  in  the  closed 
distillation  assembly.  Since  an  increase  in  arsenic  concentration  was 
detected  in  a  Pyrex  distillation  assembly  and  not  detected  in  a  quartz 
assembly  it  was  concluded  that  the  additional  arsenic  was  obtained  as  a 
result  of  the  leaching  action  of  GeCl,  on  the  Pyrex  glass.  To  confirm 
this  hypothesis,  GeCl4  of  high  purity  was  refluxed  in  a  Soxhlet  extractor 
and  the  material  reanalysed,  whereupon  an  increase  in  AsCl,  concentra¬ 
tion  was  detected.  The  level  of  AsCl,  contamination  as  a  result  of  ex¬ 
posure  to  Pyrex  glass  was  not  always  the  same.  This  would  be  expected 
since  the  amount  of  teachable  arsenic  might  well  be  related  to  the  his¬ 
tory  of  the  glassware— e.g.  how  much  previous  leaching  had  occurred; 
how  the  glass  had  been  treated,  such  as  the  extent  of  fire  polishing  or 
whether  it  has  been  cleaned  with  detergents  or  a  dilute  solution  of  HF. 
The  temperature  at  which  exposure  of  GeCV,  to  Pyrex  glass  occurred 
would  also  appear  to  be  important.  The  species  of  arsenic  leached  from 
the  glass  is  not  known.  These  studies  would  help  to  explain  the  results 
reported  by  Cluley  and  Chirnside. 

Finally  it  may  be  said  that  GeCl^  can  be  obtained  in  an  extremely 
pure  state  if  a  quartz  distillation  column  is  used.  The  relative  volatility 
is  sufficiently  large  so  that  a  column  of  small  platage  at  total  reflux  can 
be  used  at  large  take-off  rates  to  give  a  product  sufficiently  pure  for 
germanium  semiconductor  needs. 

The  experimental  work  described  involved  the  measurement  of 
AsCl,— GeCl4  concentration  ratios  in  the  boiler  liquid  and  the  vapour 
condensate  of  an  equilibrium  stiU,  and  in  the  still-pot  and  still- he:id  of 
a  fractionating  column. 
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As''*  was  used  as  a  tracer  In  some  of  the  experiments  described. 
Carrier  free  As’'*  was  obtained  by  bombarding  germanium  samples  with 
16-Mev  deutrons  in  the  M.LT.  cyclotron.  A  method  of  isolation  was  that 
due  to  Green  and  Kafalas.* 

Absolute  arsenic  concentrations,  in  the  low  concentration  range,  were 
determined  by  the  method  of  neutronic  activation  analysis.'  The  lower 
limit  of  arsenic  detection  was  3.6  x  10"“  mole  fraction  AsCl,.*  Higher 
arsenic  concentrations  were  determined  using  the  following  procedure. 

1  ml  of  the  mixture  was  transferred  from  a  pipette  into  a  weighing  bot¬ 
tle  and  the  sample  weighed.  The  mixture  was  then  placed  in  a  dilute 
solution  of  sodium  hydroxide  and  finally  neutralized  with  sodium  bicar¬ 
bonate.  The  weight  of  arsenic  present  was  determined  by  titration 
against  a  standard  iodine  solution. 

Vapour-Liquid  Equilibrium.— The  vapour-liquid  equilibrium  still 
used  was  a  slightly  modified  version  of  the  design  due  to  Gillespie.'' 

The  apparatus  was  throughly  dried  before  charging  it  with  the  mixture 
to  be  studied  in  order  to  avoid  hydrolysis  of  the  chlorides.  Mixtures 
containing  a  known  amount  of  AsCl„  tagged  with  As''*,  were  distilled  into 
the  apparatus.  After  equilibrium  was  reached  (in  about  1-1/2  hours) 

1  ml  samples  of  the  boiler  liquid  and  the  vapour  condensate  were  drawn 
off.  In  the  region  from  0.09  mole  fraction  AsCl,  in  the  starting  material 
to  the  maximum  AsCl,  concentration  used,  the  mole  fraction  of  AsCl, 
was  determined  by  iodine  titration.  For  lower  arsenic  concentrations, 
the  solutions  were  assayed  by  comparing  ratios  of  arsenic  activities. 

The  variation  of  the  relative  volatility  with  concentration  AsClj  is  shown 
in  Fig.  1.  It  can  be  seen  from  Fig.  1  that  a,  that  is  the  relative  volatil¬ 
ity,  is  approximately  constant  for  concentrations  below  0.05  mole  frac¬ 
tion  AsC4  liquid.  The  average  ot  in  this  range  is  2.52  +  0.035. 

Distillation  Studies.— The  distillation  studies  were  made  with  very 
dilute  solutions  of  AsCl„  where  a  is  essentially  invarient  with  composi¬ 
tion.  It  was  possible  to  use  the  Fenske  equation  and  similar  relations 
in  interpreting  the  experimental  results  obtained  in  these  packed  frac¬ 
tionating  columns.  A  Pyrex  fractionating  assembly  of  a  plate  equiva¬ 
lence  of  10.6  +  0.24  at  total  reflux  and  boil-up  rate  3.42  moles  per  hour 
at  atmospheric  pressure  was  used  in  the  first  study.  The  fractionation 
obtained  in  these  columns  at  various  take-off  rates  was  measured  by 
two  methods.  First,  the  ratio  of  As''*  in  the  still-head  and  still-pot  was 
determined;  and  secondly,  the  ratio  of  arsenic  in  the  still-head  and  still- 
pot  was  determined  by  radio-activation  analysis.  Table  I  shows  the  re¬ 
sults  obtained. 

A  similar  study  was  repeated  using  a  quartz  fractionating  column  and 
this  time  absolute  arsenic  analyses  gave  fractionations  which  would  be 
expected  from  measurements  of  the  platage  of  the  column.  These  re¬ 
sults  are  also  shown  in  Table  I. 

Since  the  above  studies  pointed  to  the  possible  existence  of  leaching 
of  arsenic  from  Pyrex,  the  following  experimental  test  was  carried  out. 
GeClf  previously  purified  in  a  quartz  column  was  refluxed  for  24  hours 
in  a  ^xhlet  extractor  which  was  packed  with  Fenske  helices.  The  GeCl, 
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was  analysed  for  arsenic  and  the  results  showed  a  marked  increase  in 
arsenic  concentration.  GeCl,  before  refluxing  contained <6.3  x  10~^° 
mole  fraction  AsCl,  and  after  refluxing  it  contained  2.52  x  10~”  mole 
fraction  AsCl,.  This  increased  arsenic  concentration,  while  being  sig¬ 
nificant,  is  somewhat  lower  than  the  values  obtained  in  the  distillation 
assembly.  However,  the  two  systems  are  not  entirely  comparable,  in 
particular  the  temperature  of  the  liquid  contacting  the  Fenskie  helices 
in  the  distillation  column  was  83*’C  while  the  temperature  of  the  contact¬ 
ing  liquid  in  the  extractor  was  about  40*’C.  Further  we  expect  leaching 
to  be  a  somewhat  erratic  process. 
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DEPTH  OF  SURFACE  DAMAGE  DUE  TO 
ABRASION  ON  GERMANIUM 
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Murray  Hill,  N.J. 


INTRODUCTION 

The  drastic  effects  of  surface  damage  on  Ge  produced  by  mechanical 
abrasion,  e.g.  sandblasting,  was  one  of  the  earliest  surface  effects  rec¬ 
ognized  in  semiconductor  and  transistor  research;  various  chemical 
etching  treatments  were  developed  for  removing  mechanically  damaged 
material. 

The  aim  of  the  present  work  was  to  make  a  quantitative  evaluation  of 
the  depth  of  damage,  as  manifested  in  surface  recombination  velocity, 
produced  by  various  abrasion  techniques  on  a  germanium  surface.  Such 
information  will  perhaps  be  useful  in  device  fabrication,  as  smaller  and 
more  critical  physical  dimensions  are  required.  It  should  also  contrib¬ 
ute  toward  a  more  complete  description  and  definition  of  surface  effects 
on  semiconductors.  The  principal  method  employed  in  the  work  was  the 
photoelectromagnetic^i^  method  of  investigating  surface  recombination 
velocity,  which  seemed  particularly  suitable  because  of  geometry  con¬ 
siderations.  The  depth  of  material  removed  by  etching  was  computed 
from  weight  loss. 

Some  work  along  this  line  has  been  published  recently.  Clarke  artd 
Hopkins’  found  that  sandblasting  a  thin  rod  of  germanium  produced  a 
high  conductivity  surface  layer  and,  by  successive  etching  with  a  cali¬ 
brated  etchant  and  measurement  of  effective  resistivity,  estimated  that 
this  high  conductivity  layer  was  about  0.7  x  10**  cm.  thick. 

Camp*  found  from  etching  rate  experiments  that  the  depth  of  the  dis¬ 
turbed  layer  was  about  6  microns  when  a  (100)  germanium  face  was 
ground  on  No.  305  abrasive. 

McKelvey  and  Longini*  found  that  a  surface  lapped  with  800  grit 
Alundum  required  removal  of  Ge  corresponding  to  a  depth  of  5/i  to  bring 
S  (surface  recombination  velocity)  down  to  the  order  of  magnitude  asso¬ 
ciated  with  etched  surfaces. 

EXPERIMENTAL 

Photo-electromagnetic  Measurements 

In  the  procedure  originally  proposed  for  measuring  surface  recom¬ 
bination  velocity,  S,  and  the  only  one  for  which  even  an  approximate 
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quantitative  treatment  has  been  published,^  the  front,  illuminated,  sur¬ 
face  is  assumed  to  remain  constant  at  a  low  value  of  S  while  the  back 
surface  is  given  treatments  to  be  tested  for  their  effect  on  recombina¬ 
tion  velocity.  However,  as  has  been  shown  previously’  just  as  large  a 
range  of  response  can  te  obtained  if  the  back  surface  is  held  constant 
at  a  high  value  of  S,  produced  by  sandblasting,  for  example,  while  the 
front  surface  is  given  treatments  to  be  tested. 

In  the  present  work  it  was  more  convenient  to  apply  the  abrasive 
treatment  to  the  front  surface  where  there  were  no  leads  to  interfere, 
while  the  back  surface  remained  constant  in  a  sandblasted  condition  to 
provide  a  “sink*  for  the  carriers  created  by  the  light.  After  an  abra¬ 
sive  treatment  on  the  front  surface  a  very  low  value  of  the  photoelectro- 
magnetic  voltage,  Vx,  a  fraction  of  a  millivolt,  is  obtained,  since  in  this 
situation  most  of  the  carriers  created  by  the  light  recombine  at  the 
front  surface  and  there  is  little  or  no  concentration  gradient  or  diffusion 
current.  As  the  front  surface  is  given  a  series  of  etching  treatments 
Vx  will  increase  and  finally  saturate,  and  in  this  region  we  assume  that 
the  disturbed  material  has  been  removed. 

The  two  germanium  specimens  used  were  p-type,  5.5  ohm  cm.  slabs 
1.25"  long,  0.25"  wide  and  about  0.05"  thick  initi^ly.  The  back  sur¬ 
face  was  sandblasted,  leads  were  soldered  about  1.8  cm.  apart  and  the 
whole  assembly  was  then  cast  in  Araldite  resin  with  a  glass  backing 
leaving  only  the  front  face  of  the  slab  and  the  ends  of  the  leads  exposed. 
The  specimen  could  then  be  cemented  with  wax  to  a  holder  for  lapping 
or  polishing. 

Etching  of  the  front  surface  after  an  abrasive  treatment  was  per¬ 
formed  by  dipping  it  into  CP-4  diluted  by  adding  15  ml.  of  distilled  water 
to  the  usual  formula.*  The  slab  was  moved  about  gently  in  the  acid  to 
obtain  uniform  etching.  The  specimen  was  then  rinsed  thoroughly  in  a 
stream  of  distilled  water  and  blotted  dry  on  filter  paper.  The  photo- 
electromagnetic  measurements  were  made  quickly,  the  balance  on  the 
Type  K-2  potentiometer  being  reached  by  trial  and  error,  in  order  to 
prevent  heating  of  the  sample  by  the  light.  These  measurements  were 
made  in  an  atmosphere  of  dry  nitrogen. 

Weight  Loss  Measurement 

The  depth  of  material  removed  was  computed  from  weight  loss  as¬ 
suming  uniform  etching  over  the  surface.  For  the  specimens  used,  1  mg. 
weight  loss  corresponded  to  about  1  micron  change  in  thickness.  Suffi¬ 
ciently  small  weight  losses  could  be  measured  quite  accurately,  and  rap¬ 
idly,  on  an  analytical  balance.  This  procedure  may  be  open  to  the  objec¬ 
tion  that  uneven  etching,  for  example  tapering  toward  the  edges,  would 
cause  faulty  estimates  of  the  depth  of  material  lost  at  the  most  impor¬ 
tant  region  which  is  on  a  line  between  the  projected  contacts  on  the 
illuminated  face  of  the  slab.  However,  weight  loss  seemed  the  quickest 


*The  usual  formula  is  25  ml.  cone.  HNO„  15  ml.  cone.  HF,  2-3  drops 
bromine,  15  ml.  glacial  acetic  acid. 
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and  most  precise  method  with  the  large  specimens  involved.  Checks 
with  a  micrometer  at  various  times  during  the  series  agreed  fairly  well 
with  the  weight  loss  values. 

Results 

Some  of  the  results  are  given  in  Table  L  All  of  the  abrasive  treat¬ 
ments  tested  caused  high  surface  recombination  velocities  (low  Vx) 
initially  but  the  amount  of  etching  required 


TABLE  I 


Treatment 

Depth  of 
Damage 

Nominal  Particle 
Size  of  Abrasive 

(Microns) 

(Microns) 

Linde  Fine  Abrasive  “B" 

Polish 

Ultrasonic  Abrasion  (600  mesh 
SiC  in  water,  ultrasonically 

1 

0.1 

agitated) 

1-2 

Diamond  Polish 

1-2 

0.5 

No.  305  Lap 

6-7 

5 

Diamond  Saw  Cut 

12-13 

600  Mesh  Silicon  Carbide  Lap 

17-18 

25 

180  Mesh  Sandblast 

32-34 

125 

varied  widely  and  in  quite  a  reproducible  manner  with  the  type  of  abra¬ 
sive  treatment.  Thus,  a  surface  which  was  sandblasted  with  180  mesh 
SiC  required  removal  of  about  32-34  microns,  computed  from  weight 
loss,  while  a  diamond  polished  surface  required  only  1-2  microns. 
(Details  of  these  treatments  will  be  given.)  The  fine  polishes  were  de¬ 
veloped  and  administered  by  Messrs.  W.L.  Bond,  J.  Andrus,  and 
E.B.  Berry  of  Bell  Telephone  Laboratories. 

Several  times  the  freshly  lapped  or  polished  surfaces  were  carefully 
washed  in  alcohol,  toluene,  water,  etc.  to  determine  whether  any  cleaning 
action  short  of  actual  removal  of  material  would  raise  Vx,  especially  in 
the  case  of  the  fine  polishes.  None  of  these  attempts  was  successful;  it 
appeared  that  the  high  recombination  velocities  were  indeed  due  to  me¬ 
chanical  damage  even  with  the  very  finest  abrasive  treatment. 

The  600  mesh  SiC  was  slurried  in  water  and  the  lapping  done  by  lumd 
on  a  glass  plate  with  moderate  pressure.  Anywhere  from  0.7  to  5  mils 
were  removed  in  five  separate  treatments  of  this  type,  and  practically 
the  same  depth  of  damage  was  measured  for  all. 

The  depth  of  damage  for  the  No.  305  Lap  is  in  good  agreement  with 
the  6  micron  value  obtained  by  Camp*  from  etching  rates  for  the  same 
abrasive  material  on  the  same  crystal  face  (100). 

Since  in  the  photoelectromagnetic  method  of  investigating  surface 
recombination  velocity,  the  light  is  assumed  to  be  absorbed  and  the 
hole-electron  pairs  created  at  the  illuminated  surface  it  would  be 


reasonable  to  ask  whether  penetration  of  the  water-filtered  light  a 
small  distance  into  the  material  has  any  influence  on  the  apparent  depth 
of  damaged  material.  Evidently  it  does  not.  Substitution  of  a  2%CuCl2 
solution  in  water  for  the  water  filter  in  two  experiments  lowered  Vx 
because  of  the  decrease  in  intensity  but  did  not  change  the  position 
where  the  maximum  was  reached. 

Diode  Studies 

Three  of  the  abrasive  treatments— diamond  polish,  No.  305  lap,  and 
600  mesh  silicon  carbide  lap— were  given  to  two  large  grown  junction 
p-n  diodes  in  order  to  determine  whether  the  differences  shown  by  the 
P.E.M.  method  would  appear  also  in  treatment  of  a  junction  device. 

The  diodes  were  lapped  or  polished  on  all  four  sides  and  were  then  put 
through  the  etching  and  weighing  procedure.  After  each  etching  and 
washing  a  diode  was  allowed  to  stand  over  silica  gel  in  a  bottle  for  24 
hours  before  measurement  of  the  reverse  characteristic.  The  recovery 
of  the  reverse  characteristic  as  a  function  of  depth  of  material  removed 
agreed  quite  closely  with  P.E.M.  measurements  for  the  three  treat¬ 
ments.  However,  the  behaviour  of  the  reverse  characteristics  after 
abrasion— i.e.  failure  to  saturate,  cannot  be  explained  on  the  basis  of 
recombination  velocity  alone  by  existing  theoretical  treatments  of  p-n 
junctions.  These  effects  may  be  caused  by  a  conductive  layer  across 
the  junction  of  the  type  found  by  Clarke  ai^  Hopkins*  on  a  sandblasted 
filament. 
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Paneth  and  Rabinowitsch^  first  described  the  electrochemical  prep¬ 
aration  of  monogermane:  the  yields  that  they  obtained  were  about  0.1% 
in  current  efficiency.  No  attempts  to  improve  the  yield  of  GeH*  have 
been  reported.  A  study  of  the  electrochemical  preparation  of  GeR,  was 
undertaken  with  a  view  to  improving  the  yield  of  GeH^,  to  the  point  where 
it  might  be  considered  as  a  suitable  alternative  step  in  the  preparation 
of  pure  germanium. 

A  number  of  systems  were  investigated  and  the  system,  cathode 
Na(Hg)  I  NaOH,  GeO,  (aqueous)  |  Pt  anode,  was  found  to  give  by  far  the 
best  yields  of  GeH«>  We  shall,  therefore,  concern  ourselves  with  re¬ 
porting  in  detail  on  the  reduction  of  GeO,  at  a  sodium  amalgam  cathode. 

EXPERIMENTAL 

Estimation  of  GelL-H,  ratios— The  gaseous  product  from  the  cathode 
was  a  moist  mixture  of  GeH4  and  H,;  no  other  gaseous  species  were  de¬ 
tected  nor  were  there  any  other  volatile  hydrides  of  germanium.  The 
GeH4-H2  ratio  was  determined  using  a  Rayleigh- Zeiss  interferometer. 
The  essentials  of  the  analytical  method  have  been  reported  elsewhere.^ 

The  cell  assembly— The  electrolysis  cell  is  shown  in  Fig.  1.  The 
mercury  cathode.  A,  was  in  the  form  of  a  cup,  and  electrical  contact 
was  made  to  it  by  means  of  a  platinum  wire  passing  down  the  shaft,  E. 

D,  was  a  conventional  mercury  seal.  The  gases  produced  at  A  were 
collected  in  the  gas  trap,  B.  F  was  a  fritted  disc  which  separated  smo- 
lyte  from  catolyte.  The  cell  assembly  was  placed  in  a  trough  and  cooled 
by  means  of  rapidly  flowing  tap  water. 

The  electrolysis  current  was  measured  continuously  on  a  reconling 
ammeter,  and  the  number  of  coulombs  determined  by  integrating  the 
current-time  curve  obtained. 

A  typical  run  was  performed  as  follows:  The  trap,  B,  was  completely 
filled  with  liquid.  The  current  was  allowed  to  flow  and  the  trap,  B,  filled 


*  The  research  in  this  document  was  supported  jointly  by  the  Army, 
Navy,  and  Air  Force  under  contract  vdth  the  Massachusetts  Institute 
of  Technology. 
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with  gas,  displacing  liquid  as  it  filled.  The  current  cut  off  automatical¬ 
ly  when  there  was  no  longer  a  current  path  between  the  cathode  and 
anode.  This  served  to  “run-in”  the  electrode.  The  gas  was  discarded 
and  the  experiment  repeated,  only  this  time  the  gas  trapped  in  B  was 
collected  and  analyzed.  The  volume  of  liquid  displaced  was  known  and 
since  the  pressure  of  gas  was  known  (corrected  for  water  vapor  pres¬ 
sure)  it  was  possible  to  determine  the  quantity  of  gas  produced  by  a 
given  number  of  coulombs. 


Results 


The  information  that  we  have  from  each  run  is:  the  composition  of 
the  catolyte,  the  current  density  at  the  cathode,  the  amount  of  gas  col¬ 
lected  its  GeR^-Hj  ratio  and  the  number  of  coulombs  passed.  There 
are  three  main  products  of  electrolysis,  GeR^,  R,  and  Ge.  The  yield 
from  the  cathode  can  be  defined  in  several  ways:  a)  The  mole  fraction, 
X,  of  GeR,  in  the  GeR^-R,  mixture,  b)  The  current  efficiency  for  GeR^ 

...  „  4x  no.  of  moles  of  GeR.  .  _. 

production,  Yr  - 7 .  c)  ^he  mass  con- 

no.  of  moles  of  (4GeR4,  Rj,  2Ge) 

1  tti  1  V  “O-  moles  of  GeH. 

Tersloi,  rflictency,  Ym-  (g«^,  ce) 
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Figures  2,  3  and  4  give  a  typical  NaOH,  GeO,  composition-yield  con 
tour  diagram  for  a  fixed  current  density. 

mix  sefniitij  ot  CtO, 
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Fig.  2— Contour  yield  diagram  (mole  fraction)  for  [GeO,], 
[NaOH]  coordinates. 
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Fig.  3-Contour  yield  (Yc)  diagram  for  [GeO,],  [NaOH] 
coordinates. 
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Fig.  4— Contour  yield  (Ym)  diagram  for  [GeOj],  [NaOH] 
coordinates. 


Figure  5  shows  the  variation  of  yield  with  current  density  for  a  cato- 
lyte  of  a  particular  composition. 


0  I  i.  J  4  ^ 

Atus/fij  ,  •tm. ft ■**»*. 

Fig.  5— Yield  (x)  as  a  function  of  current  density. 
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The  effect  of  stirring  is  shown  in  Fig.  6. 


i9»  4m  r**  Cm 

Fig.  6— Effect  of  stirring  on  yield, 


The  following  experiments  were  performed  to  find  out  if  a  highly 
reducing  Intermediate  product  was  present  in  the  catolyte  as  a  result 
of  the  partial  reduction  of  GeO,.  It  was  necessary  that  the  reagent  to  be 
reduced  had  a  stronger  reduction  potential  at  the  pH  used  than  the  omni¬ 
present  Ge.  For  this  reason  an  acid  solution  containing  V^''^was  used. 
A  sample  of  catolyte  was  taken  and  rapidly  added  to  the  reagent,  there 
w:is  a  color  change  indicating  the  presence  of  a  strong  reduction  agent. 
If  the  same  experiment  was  repeated  with  a  pure  NaOH  solution,  no 
color  change  was  observed.  Also  if  a  NaOH/GeO,  solution  was  electro¬ 
lyzed  and  the  sample  of  catolyte  which  was  removed  was  allowed  to 
stand  for  several  minutes  and  then  added  to  the  V'*^^solution,  no  color 
cliange  was  observed. 
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Discussion 


No  serious  attempt  has  been  made  in  this  work  to  elucidate  the 
mechanism  of  Gelf,  production.  But  a  partial  explanation  can  be  offered 
for  the  variation  of  yield  with  changes  of  some  of  the  parameters  of  the 
system. 

In  the  system  under  consideration  we  are  dealing  with  the  reduction 
(hereafter  called  secondary  reduction)  of  GeO,~ions  by  hydrogen  pro¬ 
duced  at  the  cathode  (probably  the  discharge  of  Na  to  give  Na  which 
then  reacts  with  water  to  produce  hydrogen).  That  GeO,“  is  the  form 
which  GeOj  takes  when  dissolved  in  highly  alkaline  solution  has  been 
concluded  from  the  work  of  Carpeni.’  It  has  been  generally  assumed* 
that  secondary  reduction  at  a  cathode  goes  more  easily  with  increasing 
hydrogen  overvoltage  but  such  is  not  the  case  with  the  system  under 
discussion.  Thus  we  see  from  Fig.  5  that  the  yield  decreases  with  in¬ 
creasing  current  density,  yet  we  know  that  the  overvoltage  increases 
with  increasing  current  density.  In  fact  our  measurements  of  overvolt¬ 
age  in  a  2N'NaOH— 2.1  gm  GeOj  per  100  ml  solution  show  an  increase  of 
overvoltage  of  ~  1  volt  on  going  from  0.5  amps/sq.  cm  to  5.0  amps/sq. 
cm.  It  is  quite  possible  then  that  the  electrode  process  is  under  partial 
diffusion  control. 

An  examination  of  the  conditions  of  diffusion  at  the  cathode  following 
the  treatment  of  Wagner*  and  others  shows  that  the  concentration 
changes  of  Na*'  and  Ge0,=  at  the  cathode  as  compared  with  the  bulk  elec¬ 
trolyte  will  not  be  very  significant.  Thus  the  Na**  concentration  at  the 
cathode  will  be  slightly  enhanced  and  the  Ge0,~  concentration  will  be 
near  to  zero  but  not  completely  exhausted.  The  effect  of  stirring  can  be 
explained  if  one  postulates  the  existence  of  some  intermediate  product 
produced  at  the  cathode  which  has  a  lifetime  of  say  a  few  seconds  in 
solution.  Then  when  one  rotates  the  cathode  the  hydrodynamic  boundary 
layer  is  reduced  in  thickness  and  this  intermediate  produce  is  thrown 
out  into  solution  where  it  decays  either  to  GeO,  +  Hj  or  Ge  *  H,. 

It  can  be  seen  from  the  results  reported  that  Gelf^  can  be  obtained  at 
high' current  efficiencies  >50%  and  at  good  mass  conversion  efficiencies 
^90%.  Since  one  can  start  with  crude  sodium  germinate  and  obtain 
pure  GeH,,  there  being  no  production  of  the  hydrides  of  As,  Sb,  B  or  Si, 
it  is  suggested  that  this  mn^ht  be  an  economical  method  for  going  from 
crude  germanium  extracts  to  a  pure  germanium  compound  which  has 
the  further  property  that  it  decomposes  at  low  temperatures  «400®  C) 
into  Ge  and  Hj. 
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Since  the  recent  concentration  of  attention  on  the  intermetallic 
semiconducting  compounds,  a  considerable  amount  of  information  has 
been  obtained  on  a  variety  of  these  compounds,  giving  an  overall  picture 
of  their  properties.  More  recently,  some  of  these  compounds  have  been 
prepared  in  a  highlv  purified  state  allowing  a  detailed  study  of  many  of 
their  more  interesting  features. 

The  group  of  compounds  most  widely  investigated  in  recent  years  is 
that  based  on  the  zincblende  structure,  composed  of  elements  from  the 
3rd  and  5th  columns  of  the  periodic  table.'*’  An  example  of  this  group 
is  InSb.  Historically,  the  semiconducting  compounds  MgjSi,  MgjGe  and 
Mg,Sn  were  the  first  to  be  studied.  These  materials  possess  the  fluo¬ 
rite  structure  with  an  average  of  8/3  ^  per  atom.  Apparently  MgjPb  is 
metallic,  although  it  has  not  been  investigated  in  sufficient  detail  to 
make  this  certain.  The  energy  gaps  in  this  series  range  from  0.3  ev 
for  MgjSn  to  0.7  ev  for  MgjSi.  The  mobilities  reported  for  rather  im¬ 
pure  materials  are  low,  but  this  apparently  is  due  to  impurity  scatter¬ 
ing.  Of  these  compounds,  only  MgjSn  has  been  prepared  in  a  state  of 
high  purity.  This  high  purity  (ca.  2.1  x  lO'Vcm*  impurity  centers) 
material  has  an  activation  energy  at  T  =  0"  of  0.31  ev  and  rather  high 
mobility;  =  3500  cm’/volt  sec  at  100°K.  Photoconduction  and  photo¬ 
voltaic  effects  in  the  infrared  have  been  observed  as  well,  with  a  maxi¬ 
mum  response  at  about  4.1  ^ 

The  first  group  mentioned,  based  on  the  zincblende  structure,  has  an 
average  of  4  C  per  atom.  There  is  a  wide  range  of  activation  energies 
in  these  compounds,  from  0.23  at  T  =  0°K  for  InSb  to  1.6  ev  for  AlSb. 
The  compounds  in  general  are  characterized  by  high  electron  mobili¬ 
ties,  particularly  for  combinations  of  heavy  elements.  Recent  studies 
on  high-purity  InSb  give  of  ca.  2.1  x  10*  cmVvolt  sec  at  liquid  air 
temperatures,  and  =  30,000  and  17,000  cm’/volt  sec  at  sroom  tem¬ 
peratures  have  been  reported  for  InAs  and  HgTe  respectively.  These 
remarkable  properties  are  strongly  indicative  of  an  unusual  electronic 
structure  in  the  compounds  and  both  theoretical  and  experimental  stud¬ 
ies  are  being  carried  on  to  clarify  the  situation.  It  is  found  that  the 
conduction  band,  at  least  in  InSb,  has  a  very  low  density  of  states  near 
the  bottom  of  the  band,  and  as  a  result  the  conduction  electrons  have  an 
unusually  low  effective  mass.  This  model  satisfactorily  explains  a 
number  of  striking  observations  on  the  absorption  spectra  and  also  on 

191 


the  unusually  large  magneto -resistance  and  magneto-Hall  effects.  It 
has,  however,  made  the  precise  interpretation  of  many  of  the  results 
very  difficult  since  the  generally  used  formulae  for  these  effects  are 
only  approximations  and  lose  their  validity  when  the  effective  masses 
are  extremely  low. 

InSb  has  also  shown  itself  to  be  a  very  interesting  material  as  an 
infrared  photoconductor.  The  small  energy  gap  provides  a  response 
with  peak  sensitivity  at  ca.  5.3  U(T  =  80°K)  and  the  high  charge  carrier 
mobility  gives  an  unusually  high  photo  response. 

In  addition  to  these  simple  binary  compounds,  it  has  been  recently 
reported*  that  a  similar  series  of  ternary  compounds  based  on  the  chal- 
copyrite  structure  of  the  type  such  as  CuInSe,,  are  also 

semiconductors.  This  structure  is  a  close  relative  of  the  zincblende 
structure  and  again  the  average  number  of  electrons  per  atom  is  4.  No 
precise  data  are  available  for  these  compounds,  but  it  might  be  expected 
that  their  properties  would  be  rather  similar  to  the  compounds. 

There  are  also  a  number  of  other  binary  types  of  semiconducting 
intermetallic  compounds  including  the  well-known  series  of  lead  com¬ 
pounds  P>bS,  PbSe  and  PbTe  with  the  simple  cubic  structure’’*  and  the 
A^B^  compounds  CdSb  and  ZnSb  which  crystallize  in  the  orthorhombic 
system’*®. 

Both  CdSb  and  ZnSb  have  energy  gaps  near  0.5  ev  and  charge  carrier 
mobilities  of  the  order  of  a  few  hundred  cm®/volt  sec.  Similar  mobili¬ 
ties  are  observed  in  the  lead  compounds  whose  energy  gaps  range  from 
0.25  to  0.4  ev.  The  lead  compounds  have  shown  at  least  a  partial  ionic 
character  and  it  has  proven  possible  to  vary  the  stoichiometry  and  use 
controlled  valence  techniques  to  vary  their  properties.  The  infrared 
photoconducting  properties  of  films  of  the  lead  compounds  have  been 
studied  in  great  detail  since,  as  indicated  by  their  energy  gaps,  they 
respond  quite  far  into  the  infrared  region  and  they  have  been  shown  to 
have  a  high  sensitivity  when  activated. 

Still  other  series  of  intermetallics  are  compounds  like  Ca,Si  (tetrag¬ 
onal  lattice)  and  MgjSbj.  Measurements  of  the  conductivity  of  the  Ca- 
compounds®  show  the  following  energy  gaps;  1.9  ev  for  Ca,Si,  0.9  ev 
for  Ca,Ge,  and  0.46  ev  for  Ca^Pb.  The  compound  MgjSbj  has  a  very 
complicated  structure;  several  workers  have  report^  on  the  electrical, 
thermal  and  optical  properties  of  this  material.®  Their  results  indicate 
an  energy  gap  of  about  0.8  ev. 

It  is  thus  becoming  clear  that,  instead  of  being  restricted  to  a  very 
small  number  of  elementary  semiconductors,  there  are  actually  avail¬ 
able  a  wealth  of  semiconducting  materials  and,  as  technology  advances, 
it  will  become  possible  to  “tailor-make”  semiconductors  for  particular 
applications. 
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EFFECT  OF  ZONE  REFINING  VARIABLES  ON  THE 
SEGREGATION  OF  IMPURITIES  IN  InSb 

T.  C.  Harman,  R.  K.  Willardson,  H.  L.  Goering,  and  A.  C.  Beer 
Battelle  Memorial  Institute 


Ultra-pure  Indium -antimonide  specimens,  whose  uncompensated 
n-type  impurity  concentration  is  1  x  10^*  cm~’,  have  been  prepared  by 
utilizing  the  following  techniques:  (1)  additional  purification  of  chemi¬ 
cally  pure  indium,  (2)  extensive  zone-melting  of  the  indium  antimonide, 
and  (3)  the  selection  of  the  specimens  from  uncompensated  regions  of 
optimum  purity  in  the  zone-refined  InSb  ingots. 

InSb  ingots  were  prepared  using  indium  of  three  different  purities 
and  zone-refined  antimony.  The  starting  materials  were  placed  in  a 
Vycor  tube  under  a  partial  pressure  (approximately  2/3  atmosphere) 
of  pure,  dry  hydrogen.  All  zone-melt  passes  were  made  with  a  2  kw 
high-frequency  induction  heater.  Initially,  the  ratio  of  zone  length  to 
ingot  len^  and  the  rate  of  travel  of  the  molten  zone  were  large.  These 
quantities  were  graduaUy  decreased  until  the  zone -length  was  2.0  cm 
-2.5  cm  and  the  rate  of  pass  was  1  cm/hr.  The  final  10-15  zone-melt 
passes  were  made  under  these  conditions. 

During  the  course  of  the  zone-refining  passes,  specimens  were  re¬ 
moved  for  electrical  measurements.  In  addition,  the  ingot  was  periodi¬ 
cally  probed  for  thermal  emf  at  room  temperature  and  at  SO^K.  These 
measuaements  Indicated  that  initially,  the  ingot  was  p-type.  However, 
upon  subsequent  zone-passing,  the  region  at  the  rear  of  the  ingot  be¬ 
came  n-type.  Subsequent  passes  increased  the  length  of  this  n-type 
region  and  after  30  passes,  it  extended  over  half  the  length  of  the  ingot. 
After  a  total  of  30  or  more  zone  passes,  thin  slices,  cut  perpendicular 
to  the  direction  of  travel  of  the  molten  zone,  were  removed  from  the 
ingot.  Hall  coefficient  and  resistivity  measurements  were  carried  out 
on  specimens  prepared  from  these  slices.  Calculations  of  carrier  con¬ 
centrations  and  mobilities  showed  that  as  the  ingot  is  traversed  from 
rear  to  front,  regions  of  the  foUowing  characteristics  are  distinguish¬ 
able:  (1)  the  carriers  are  n-type  and  decreasing  in  concentration;  the 
mobility  is  increasing,  (2)  the  carriers  are  n-type  but  per  unit  fraction¬ 
al  distance  along  the  ingot,  they  are  decreasing  at  a  faster  rate;  the 
mobility  is  decreasing,  (3)  an  inhomogeneous  p-n  region,  (4)  the  car¬ 
riers  are  p-type  of  low  concentration;  the  mobility  is  quite  low,  and 
(5)  the  carriers  are  p-type  and  increasing  in  concentration.  In  those 
regions  of  complete  ionization  of  the  impurities  and  negligible  compen¬ 
sation,  the  carrier  concentration  will  be  approximately  equivalent  to 
the  impurity  concentration.  Compensation  effects  in  material  of  regions 
1  and  5  are  believed  negligible.  The  above  observations  indicate  that 
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the  most  slowly  segregating  impurity  is  n-type,  and  that  it  lowers  the 
melting  point.  The  second  most  slowly  segregating  impurity  is  p-type 
and  it  raises  the  melting  point.  In  order  to  determine  the  identity  of 
the  two  unknown  impurities,  spectrographic  and  activation  analyses 
were  carried  out.  Spectrographic  analyses  on  front  and  rear  regions 
of  an  InSb  ingot  after  five  and  nine  passes  showed  that  zinc  segregates 
to  the  front  while  copper,  lead,  tin,  and  nickel  segregate  to  the  rear. 
These  results  suggest  that  the  p-type  impurity,  which  segregates  slowly 
to  the  front  of  zone-melted  InSb  ingots,  is  zinc. 

Impure  ends  were  periodically  clipped  off  during  the  extensive  zone 
refining  of  an  InSb  ingot.  After  removal  of  the  fast-segregating  impuri¬ 
ties,  spectrographic  and  electrical  analyses  were  carried  out.  The 
electrical  data  indicated  the  presence  of  8  ppm  of  the  unknown  n-type 
impurity.  No  impurity  was  detected  by  spectrographic  analyses.  There¬ 
fore,  the  impurity  is  either  indium,  antimony,  or  a  foreign  element 
whose  spectrographic  detection  limit  is  at  rather  high  concentration.  A 
possibility  which  was  considered  is  selenium  since  it  has  a  relatively 
high  detection  limit  and  is  known  to  be  an  n-type  impurity  in  InSb.  In 
view  of  these  facts,  activation  analyses  for  selenium  were  obtained  on 
specimens  with  known  concentrations  (calculated  from  Hall  coefficient 
data)  of  the  unknown  n-type  impurity.  However,  results  did  not  confirm 
selenium  to  be  the  impurity  i.i  qur.stion. 

Spectrographic  analyses  on  the  indium  of  99.97'*'  per  cent  purity  re¬ 
vealed  zinc,  copper,  lead,  and  tin  as  the  major  impurities.  Since  no 
zinc  had  been  detected  in  the  antimony,  indium  purification  was  studied. 

As -received  indium  of  99.97'*'  per  cent  purity,  indium  further  refined 
by  electroplating,  and  indium  further  refined  by  zone-melting  were 
used  in  the  preparation  of  InSb  ingots.  The  effects  of  the  indium  purifi¬ 
cation  on  the  concentration  of  zinc  in  zone-refined  InSb  ingots  are  Shown 
in  Figure  1.  These  results  indicate  that  either  indium  purification  tech¬ 
nique  is  effective  in  removing  zinc  from  indium.  The  effect  of  indium 
purification  on  the  concentration  of  the  n-type  impurity  is  shown  in 
Figure  2.  It  is  seen  that  further  purification  of  indium  either  by  electro¬ 
plating  or  by  zone -melting  results  in  a  considerable  reduction  in  the 
concentration  of  the  n-type  impurity.  All  data  reported  in  Figure  2  are 
from  region  1  of  extensively  zone -refined  ingots.  The  mobilities  at 

cm^ 

SO^K  of  the  specimens  in  Figure  2  vary  from  500,000  — n -  to 

*VOU~SGC 

40,000  in  a  consistent  manner  with  increasing  impurity  con¬ 

centration.  The  distribution  of  the  n-type  impurity  after  40  zone-melt 
passes  does  not  differ  greatly  from  the  distribution  after  50  zone-melt 
passes. 

An  ingot  of  high-purity  InSb  (total  impurity  concentration  10**  cm~*) 
was  doped  with  2.6  x  10**  cm~*  zinc  atoms.  After  five  zone-leveling 
passes,  the  distribution  was  as  shown  in  Figure  3.  The  carrier  con¬ 
centration  varied  from  1.7  x  10**  cm"*  to  3.1  x  10**  cm"*,  indicating 
that  each  zinc  atom  had  contributed  one  hole.  The  distribution  of  the 
zinc  atoms  after  five  zone-melt  passes  is  shown  in  Figure  3.  Thus,  it 
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■Effect  of  indium  purification  on  the  concentration  of 
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PHOTOEFFECTS  IN  InSb* 

S.  W.  Kumick,  A.  E.  Goldberg,  G.  M.  Mitchell,  and  R.  N.  Zitter 
Chicago  Midway  Laboratories 


InSb,  when  prepared  in  pure  form  and  single  crystal  state,  has  ap¬ 
preciable  injected  carrier  lifetimes.  In  addition,  its  photo respoases 
from  liquid  nitron  aa  to  ambient  temperature  extend  sufficiently  far  into 
the  infra-red  (5.5  to  1/i)  to  make  it  a  useful  detector  material.  A  group 
of  experiments  revolving  around  P-N  junctions,  photoelectromagnetic 
(PEM)  effects  and  photoconductivity  will  be  described  in  this  paper, 
evaluating  such  properties  of  this  material  as  wavelength  cut-off,  sur¬ 
face  recombination  speeds,  bulk  recombination  time  and  minority 
carrier  mobilities  at  liquid  nitrogen  temperature. 

PREPARATION  OF  MATERUL 

Indium  and  antimony  used  in  the  preparation  of  this  compound  were 
obtained  from  the  American  Smelting  and  Refining  Company  and  the 
Bradley  Mining  Company  respectively.  The  antimony  was  further  puri¬ 
fied  by  repeated  vacuum  distillation  and  zone  melting.  After  reaction 
of  the  constituents  the  compoimd  was  zone  melted  to  the  extent  of  some 
fifty  zone  passes.  Zone  melting  acts  to  establish  stoichiometry  and 
also  further  segregate  impurities.  The  number  of  passes  seems  high 
compared  to  those  required  for  the  purification  of  germanium  but  this 
is  because  the  effective  distribution  coefficient  is  closer  to  unity. 
Acceptor  impurities  segregate  with  k  =  1.2  and  donors  with  k  =  0.6. 

For  purposes  of  crystal  growth,  zone-refined  ingots  were  croiqped  and 
only  the  central  portions  were  used.  In  the  study  of  all  photoeffects, 
single  crystal  material  was  used  and  was  obtained  by  the  Czochralski 
method. 


P-N  JUNCTIONS 

P-N  junctions  are  readily  formed  by  pulling  from  the  melt.  Because 
of  the  normal  segregation  of  acceptors  toward  the  crystal  being  pulled, 
and  the  segregation  of  n-type  impurities  toward  the  melt,  natural  junc¬ 
tions  may  be  formed.  Although  such  junctions  (when  cooled  to  liquid 
nitrogen  temperatures)  display  photovoltaic  responses,  the  transition 
zone  is  not  sharp  and  the  rectification  characteristics  are  weak. 
Sharper  junctions  are  formed  by  selecting  p-type  crystals  and  n-type 
crystals,  melting  the  former  aid  dipping  the  n-type  crystal  into  the 
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melt.  The  crystal  is  then  pulled  from  the  melt.  When  such  a  junction 
is  cooled  to  about  77**K,  it  shows  good  rectification  characteristics, 
(Fig.  1)  and  operated  as  a  photovoltaic  cell  its  spectral  distribution 
(shown  in  Fig.  2)  agrees  well  with  the  transmittancy  data  reported  for 
InSb.*  Photovoltaic  cells  such  as  these  show  a  sensitivity  of  some 
10  volts/watt/cm*. 


Fig.  1— Voltage -current  characteristic  of  InSb  p-n  jxmction 
at  77»K. 


PEM  AND  PC  RESPONSE 

Studies  of  the  PEM  effect  have  been  made  previously  on  Cu^O,  PbS, 

Si  and  Ge.*~''  Measurement  of  this  effect  in  p-type  and  intrinsic  InSb 
with  their  large  electron  mobilities  permits  the  determination  of  both 
the  bulk  lifetime  and  the  surface  recombination  speed,  which  is  depend¬ 
ent  on  the  state  of  the  surface.  In  p-type  material,  furthermore,  the 
PEM  effect  may  be  used  to  estimate  the  bulk  minority  carrier  mobility. 

To  interpret  the  PEM  effect  in  p-type  InSb  (at  liquid  nitrogen  tem¬ 
peratures)  and  the  different  behavior  of  electropolished  from  'mechani¬ 
cally”  polished  surfaces,  a  simple  theory  based  on  constant  relaxation 
time  is  first  derived.  This  theory  differs  from  previous  developments*** 
in  that  an  attempt  is  made  to  account  for  the  PEM  response  in  which 
//B  is  no  longer  restricted  to  values  smaller  than  unity.  To  evaluate 
the  PEM  short-circuit  current,  the  current  generated  with  no  electric 
field  along  the  sample  length,  only  the  electrons  will  be  considered 
because  of  the  high  ratio  of  electron  to  hole  mobilities.  The  following 
relations  are  assumed  to  hold  for  the  electron  current  in  the  bulk: 
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Fig.  2— Spectral  response  of  p-n  junction  as  a  photovoltaic  cell 
at  TT^’K.  Relative  response  for  given  number  of  quanta 
at  different  wavelengths. 


Jg  =  eDVn  -  X  B  (la) 

«») 

where  Je  is  the  electron  current  density,  $  is  the  magnetic  filut  den- 
sity,  fi,  T<  D  are  the  electron  mobility,  lifetime  and  diffusion 
constant  respectively.  The  system  of  units  used  throughout  is  M.K.S. 
The  following  boundary  conditions  for  the  normal  component  of  the 
current  density  are  assumed  to  hold  at  the  illuminated  and  non- 
illuminated  surfaces  respectively: 

Jgx  =  "Sl  +  ®sn 
Jgj_  =  -esn 


(2a) 

(2b) 


where  I  is  the  illumination  in  quanta  per  second  per  unit  area  and  ,s  is 
the  surface  recombination  speed.  With  both  sample-length  and  -width 
large  compared  to  the  diffusion  length,  with  the  recombination  speed  s 
assumed  independent  of  magnetic  field,  and  with  the  production  of  hole- 
electron  pairs  by  the  light  limited  to  the  illuminated  surface,  the  short- 
circuit  current  per  unit  sample -width,  i^,  reduces  to: 


_  eI|iB 
s  "  y'l  + 


_ 1 _ 

1  +  ^  Vl  +  m*b» 

T) 


(3) 
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where  Lj^  is  the  electron  diffusion  length.  If  s  is  sufficiently  large  so 


that  •^^>>1,  the  expression  for  i-  reduces  to: 
Lid 

,  elUB  D 
=  1  +  //»B»  s 


TS 


and  if  -z-^<l  and  the  magnetic  field  is  not  unusually  large, 
L.D 


^S  =yl 


el^BLp 


IPW 


(3a) 


(3b) 


The  behavior  of  (3a)  with  varying  B  suggests  that  i^  reaches  a  peak 
and  is  then  reduced  as  more  and  more  of  the  photo-electrons  are  turned 
back  into  the  high  recombination  surface.  With  little  or  no  surface  re¬ 
combination  (3b)  suggests  that  the  short-circuit  current  reaches  a  satu¬ 
ration  value  with  increasing  magnetic  field. 

It  is  useful  to  carry  out  the  PEM  experiment  in  conjunction  with  a 
measurement  of  photoconductivity.  The  (diotoconductive  short-circuit 
current  is 

,  el/iET 


pc 


(4) 


1  + 


Ld 


where  E  is  the  electric  field.  To  determine  the  lifetime  r,  the  quan¬ 
tities  (^)  extrapolated  to  sufficiently  small  magnetic  fields  and(-^) 


O 

are  used. 


D(^)*(^)* 


(5) 


It  is  seen  that  this  ratio-determination  of  r  does  not  depend  on  the 
exact  evaluation  of  the  light  flux  intensity.  The  PEM  and  PC  currents 
from  p-type  samples  at  liquid  nitrogen  temperature  which  have  been 
first  “mechanically”  polished  and  then  electrochemically  polished  are 
shown  in  Fig.  3.  For  the  “mechanically”  polished  samples,  the  vari- 

Q 

ation  of-j —  with  B^  is  shown  in  Fig.  4.  The  plot  is  consistent  with 

equation  (3a).  Similarly,  the  data  for  an  electropolished  sample  is 

plotted  (— )  vs.  B*  consistent  with  equation  (3b)  (see  Fig.  5).  The 
^s 

following  table  gives  a  resume  of  the  derived  values  for  the  different 
polished  surfaces. 

The  consistent  data  above  derived  from  a  constant  relaxation  model, 
is  not  to  be  construed  as  verification  of  such  a  model  for  p-type  InSb. 
The  short  circuit  current  may  be  derived  using  Rutherford  scattering‘° 
for  describing  impurity  ion  scattering.  The  relaxation  time  varies  as 

T  oc  V*  and  the  PEM  current  for  ^^<<1, 

Hd 


SHORT  CKT,  CURRENT  /  LENGTH 
(AMPERES  X  10*/  METER  ) 


•  ELECTRO- POLISHED  SAMPLE 


Fig.  3— PEM  response  vs  magnetic  field  intensity  for  p-type 
InSb  first  mechanically,  the  electro  lytic  ally  polished. 
Electropolished  sample  current  aiqproximately  ten 
times  greater  than  mechanico-polished  sample  current. 
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Fig.  4  —  ^  vs  for  mechanically  polished  surface  for  both 
‘s 

large  and  small  magnetic  fields;  upper  line  for  smaller 
magnetic  fields. 


TABLE  1 

P-TYPE  SAMPLE  AT  77»K 
Pq  =  4  X  10** cm"* 


Mechanically 

Electro- 

Polished 

polished 

lifetime  t  (sec) 

9  X  10-® 

9  X  10"* 

minority  mobility 
m*/volt-sec 

9 

11 

(B/i,)*  (Webers/amp-m) 


Fig.  5— ( T— )  vs  B*  for  electrolytically  polished  surface  for 
^s 

both  large  and  small  magnetic  fields;  upper  line  for 
smaller  magnetic  fields. 


SUMMARY 

Surface  conditions  in  p-type  InSb  at  liquid  nitrogen  temperatures 
influence  the  magnitude  of  photoconductive  and  PEM  responses  and 
strongly  alter  the  variation  of  the  PEM  response  with  magnetic  field; 
the  response  of  ‘mechanically”  polished  samples  exhibit  a  peak -value 
with  increasing  magnetic  field,  while  the  response  of  electrolytically 
polished  samples  reaches  a  saturation  value. 

A  simple  theory  using  the  concept  of  surface  recombination  speeds 
has  been  developed  to  analyze  these  effects.  Values  of  minority  car¬ 
rier  (bulk)  lifetimes  and  mobilities  obtained  from  ‘mechanically” 
polished  samples  are  consistent  with  the  values  from  the  same  samples 
after  electropolishing.  In  addition,  the  theory  may  be  used  to  estimate 
surface  recombination  speeds. 
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Abstract  Number  99 


EFFECT  OF  IMPURITIES  ON  PHOTO -CONDUCTIVE  CADMIUM 
SULFIDE,  CADMIUM  SELENEDE  AND  LEAD  SULFIDE 

W.  B.  Hugle  and  F.  Hugle 
The  Baldwin  Piano  Company 


Films  and  crystals  of  cadmium  sulfide  and  cadmium  selenide  were 
prepared  in  order  to  demonstrate  the  effect  of  impurities  on  their 
photo -sensitive  properties.  Photo -conducting  films  prepared  accord¬ 
ing  to  the  chemical  and  evaporative  techniques  described  in  the  liter¬ 
ature  for  the  preparation  of  lead  sulfide  were  also  tested  for  the  effect 
of  impurity  concentration. 

PbS  films*  were  prepared  by  the  method  of  Gensel  and  Miiser*  in 
which  a  4  Molar  sodium  hydroxide  solution  is  added  drop-wise  to  a 
solution  composed  of  equal  parts  of  a  0.3  5M  lead  acetate  solution  and 
a  0.20M  thiourea  solution.  Carefully  controlled  temperature,  stirring 
and  concentration  conditions  must  be  used  throughout. 

Films  of  cadmium  sulfide  and  cadmium  selenide  were  prepared  in 
three  different  ways.  In  the  first  method  hydrogen  selenide  and  hydro¬ 
gen  sulfide  are  reacted  with  cadmium  to  produce  cadmium  sulfide  and 
cadmium  selenide  vapor  which  then  condenses  to  form  the  photo¬ 
conducting  films.  This  method  is  very  similar  to  the  Frerichs’  vapor 
phase  method  of  single  crystal  production  except  that  the  substrate 
temperature  is  adjusted  so  as  to  favor  the  formation  of  films  rather 
than  monocrystals. 

In  the  second  method  cadmium  sulfide  and  cadmium  selenide  films 
are  formed  by  sublimation  of  the  materials  themselves. 

Thirdly,  cadmium  selenide  is  produced  by  evaporating  cadmium  on 
a  glass  substrate.  Subsequently,  the  cadmium  metal  film  on  the  sub¬ 
strate  is  converted  to  cadmium  selenide  or  by  the  passage  of  hydrogen 
selenide  thru  a  heated  tube  in  which  the  cadmium  coating  has  been 
placed. 

Single  crystals  of  cadmium  sulfide  and  cadmium  selenide  have  been 
prepared  by  the  method  of  Frerich’s,  by  sublimation  and  by  higher  than 
atmospheric  pressure  bombs.  Crystals  of  the  latter  type  show  a  defi¬ 
nite  habit  modification  favoring  the  production  of  thicker  crystals. 


Our  own  X-ray  diffraction  data  indicates  the  presence  of  a  sur¬ 
face  layer  of  some  compound  other  than  PbS  but  still  within  the  Pb-O-S 
system. 
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IMPURITIES 


Impurities  were  introduced  into  the  photo -conductive  films  and 
crystals  to  determine  their  effect  upon  photo -sensitivities,  time  con¬ 
stants,  and  spectral  sensitivities. 

In  the  film  method  of  Genzel  and  Miiser,  the  cation  impurities  Tl, 
As,  Sb,  Al,  Ce,  Cr,  Sn,  Mn,  Ag,  Cu  were  introduced  into  the  chemical 
solutions  in  the  form  of  the  soluble  salts  TINO,,  ASjO,,  SbK(C4  li,  Og),, 
AljCSOg),,  CrgCSOg),,  SnCl,,  MnCCjHjOj,)^,  AgNO,,  Cu(CjH50j)j, 
CeCNOg),. 

Several  alternative  methods  for  the  introduction  of  impurities  into 
cadmium  sulfide  and  cadmium  selenlde  were  used.  Basically  these 
methods  involve  the  direct  introduction  into  the  sample  of  weighed 
quantities  of  impurities  or  careful  control  of  the  impurity  vapor 
pressure  during  the  film  formation. 

TEST  METHODS 

Samples  were  tested  from  -  190®C  to  100®C  Electrodes  of  silver, 
gold,  platinum  and  aquadag  were  used  on  the  films. 

Chopper  frequencies  of  between  30  and  150  cycles  per  second  were 
employed  in  the  time  constant  measurements. 

Noise  measurements  were  carried  out  on  all  samples  using  a  band 
pass  filter  with  a  band  width  of  4750  cycles/sec.  (between  250  and 
5000).  All  photo-sensitivity  measurements  (except  where  specified 
otherwise)  were  made  with  a  2500°K  Tungsten  light  source  at  8  inches. 

RESULTS 

The  results  of  these  measurements  on  cadmium  sulfide  and  cad¬ 
mium  selenide  showed  that  any  one  of  the  following  "activators”  Zn, 

Cu,  In,  Ag,  As,  Mn,  Cl,  Br,  I  and  O  may  act  to  enhance  photosensi¬ 
tivity  and  in  addition  non-stoichiometic  ratios  may  themselves  produce 
“self-activation.”  But,  the  impurity  “activators”  in  cadmium  sulfide 
and  cadmium  selenide  produce  different  results,  e.g.  CdS:Mn  gives  the 
shortest  time  constants,  CdS:In  has  high  dark  current  characteristics. 
Light  to  dark  ratios  of  more  than  100,000  to  1  have  been  observed  in 
CdSerAs  using  a  Tungsten  light  source  with  800  ft.  candles  of  illumi¬ 
nation  on  the  sample.  Light  resistances  as  low  as  10,000  ohms  per 
square  for  CdSeiAs  have  been  obtained  under  similar  test  conditions. 

The  results  with  the  “lead  sulfide”  method  of  Miiser  &  Gensel  were 
of  an  entirely  different  nature  namely  practically  none  of  the  ten  ele¬ 
ments  tested  enhanced  the  photo-conductivity.  One  of  the  elements 
definitely  “poisoned"  the  photo -conductivity  in  all  cases,  namely. 
Thallium.  This  corroborates  the  evidence  of  Bruckman,’  although  he 
states  that  only  a  10%  decrease  in  detector  action  occurred  whereas 
ours  was  complete  over  a  wide  range  of  concentrations.  Manganese 
was  shown  to  increase  the  resistance  of  the  photocells  and  antimony 
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inhibited  the  deposition  of  the  films.* 

Stirring  of  the  solutions  reduced  the  resistance,  but  also  the 
sensitivity. 

Additional  platings  reduced  the  sensitivity  indicating  that  with  our 
films  and  with  the  light  spectrum  we  used,  the  {diotosensitivity  was 
primarily  a  surface  phenomena.  Photo-sensitivity  was  inversely  pro¬ 
portional  to  the  time  in  the  bath  after  the  completion  of  the  reaction 
indicating  excessive  oxidation  may  have  occurred  under  these  circum¬ 
stances. 

After  treatments  with  heat  ammonium  poly -sulfide  and  hydrogen 
peroxide  did  not  improve  the  sensitivity  of  the  better  films  (30-1,  light 
to  dark  ratios  at  1000  ft.  candles  and  at  ambient  temperature)  although 
heating  at  100-400°C  and  hydrogen  peroxide  treatments  did  improve 
sensitivity  of  the  poorer  films  (2-1  light  to  dark  ratios  at  room  tem¬ 
perature).  Light  to  dark  ratios  of  30-1  were  about  maximum  obtained 
for  PbS  at  room  temperature  with  light  resistances  ranging  from  100 
megohms  to  lOOK  per  square. 

References 

1.  Z  Physik  134  ,  419-24,  (1953) 

2.  R.  Frerichs  Phys.  Rev.  72,  594-601  (1947) 

3.  Gerhard  Bruckman  Kolloid  Z  65 ,  148-161  (1933) 

4.  Bruckman,  ibid,  states  Antimony  improves  the  film  deposition. 


209 


Abstract  Number  100 
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In  the  course  of  some  other  experiments  with  the  semiconducting 
compound,  InSb,  we  have  recently  found  that  tightly  adherent,  highly 
colored  anode  films  can  be  formed  on  this  material  which  have  proper¬ 
ties  quite  similar  to  those  which  may  be  formed  on  metals  such  as 
tantalum  and  aluminum.  In  the  past  few  years  a  sizable  effort  has  been 
made  by  many  workers,  to  achieve  a  detailed  understanding  of  the 
mechanism  of  formation  of  anode  films  generally.  Several  ambiguities 
have  arisen  in  the  theoretical  interpretation  of  the  experimental  obser¬ 
vations  which  seem  unresolvable  by  further  study  of  simple  metal  sys¬ 
tems.  The  present  study  was  undertaken  as  an  attempt  to  resolve  some 
of  these  ambiguities  by  use  of  the  additional  degree  of  freedom  implicit 
in  the  binary  nature  of  the  indium  antimonide  system.  This  system 
seemed  to  be  a  particularly  appropriate  one  since  we  had  available  to 
us  single  crystals  of  high  purity  material  and  since  the  crystal  structure 
of  the  compound  was  such  as  to  high-light  the  effects  under  investigation. 

One  of  the  principal  ambiguities  in  the  interpretation  of  the  results  of 
the  work  on  simple  metal  systems  is  the  location  of  the  rate  determin¬ 
ing  step  in  the  process.  The  theory  of  the  high-field  formation  process 
was  first  proposed  by  Cabrera  b  Mott.  They  considered  that  the  rate 
determining  step  in  the  process  occurs  at  the  metal-oxide  interface. 

This  would  imply  that  rate  of  film  formation  on  any  given  metal  should 
depend  upon  the  crystallographic  orientation  of  the  surface  being  oxi¬ 
dized.  Charlesby  and  his  co-workers  have  looked  for  such  an  orienta¬ 
tion  effect  in  the  formation  of  films  on  aluminum;  their  apparently 
negative  result  implies  either  that  the  potential  energy  parameters  do 
not  differ  much  from  face  to  face  on  aluminum  or  that  the  rate  deter¬ 
mining  step  in  the  process  is  located  somewhere  else  than  at  the 
metal-oxide  interface. 

The  structure  of  aluminum  makes  it  difficult  to  choose  between  the 
above  alternatives,  since  the  energy  differences  between  faces  are  not 
expected  to  be  very  large.  In  th  '  InSb  system  on  the  other  hand  we 
anticipate  fairly  sizable  different  ?s  between  faces  in  view  of  the  largely 
directional  and  chemical  character  of  the  forces  holding  the  surface 
atoms  to  the  crystal.  We  have  studied  the  kinetics  of  formation  on 
three  faces;  110,  and  two  others  which  we  believe  to  be  332  and  ?32. 

The  assignment  of  the  332  and  732  faces  is  ambiguous  in  two 
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respects.  In  the  first  place  the  two  faces  differ  only  in  the  chemical 
bonding  of  the  surface  atoms,  not  in  their  location.  Thus  standard 
x-ray  techniques  cannot  distinguish  between  the  two.  One  may  visual¬ 
ize  these  faces  as  ‘stepped*  111  and  Til  faces.  They  differ  essentially 
in  that  on  one  of  them  all  surface  antimony  atoms  are  singly  bonded,  all 
indium  atoms  triply  bonded,  while  on  the  other,  just  the  reverse  type  of 
bonding  exists.  In  going  from  the  diamond  to  the  zinc  blende  structure 
the  four-fold  100  axis  is  transformed  to  a  four-fold  inversion  axis.  A 
second  difficulty  arises  from  the  fact  that  the  goniometric  data  yield 
information  only  on  the  microscopic  surface  condition  not  on  the  sub- 
microscopic  condition  which  determines  the  kinetic  behavior.  The 
assignment  332  is  to  be  taken  as  a  tentative  one.  The  problem  is  dis¬ 
cussed  in  some  detail. 

The  indium  antimodide  specimens  were  in  the  form  of  single  crys¬ 
tals  grown  from  zone  refined  material.  The  normal  habit  of  crystals 
pulled  in  the  100  direction  shows  principally  the  110  and  332  faces. 
When  an  entire  crystal  is  oxidized  anodically  the  variation  of  the  inter¬ 
ference  colors  from  face  to  face  gives  immediate  demonstration  of  the 
positive  orientation  effect.  For  the  systematic  study  of  the  process  the 
single  faces  were  prepared  by  cleavage  in  the  case  of  the  110  face  and 
by  crystallographic  etches  for  the  other  faces.  Capacitance,  colori¬ 
metric,  and  analytical  measurements  were  employed  for  the  determi¬ 
nation  of  relative  film  thickness. 

The  results  are  in  striking  accord  with  the  theory  of  space  charge 
effects  previously  presented  by  the  author.  Tho  Tafel  plots  (El  vs  In  i) 
are  linear  at  low  current  density  and  the  rate  of  formation  (at  constant 
field)  is  strongly  dependent  on  the  crystallograi^ic  orientation  of  the 
face.  One  of  the  332  faces  (presumably  the  one  with  antimony  atoms  3 
bonded)  forms  at  a  rate  some  hundred-fold  greater  than  the  other  two 
faces.  This  then  implies  quite  strongly  that  at  low  current  density  the 
rate  determining  step  is  located  at  the  metal-oxide  interface. 

At  high  rates  of  formation  we  find  that  the  Tafel  plot  exhibits  a  very 
sizable  upward  curvature  of  a  magnitude  comparable  to  that  predicted 
on  the  assumption  of  a  significant  space  charge  in  the  film.  Coincident 
with  this,  as  the  current  density  is  raised  the  crystallographic  orien¬ 
tation  of  the  face  being  oxidized  becomes  progressively  less  important 
until  eventually  at  the  highest  current  density  all  faces  form  at  the 
same  rate.  We  conclude  that  the  rate  determining  barrier  at  high  cur¬ 
rent  density  is  no  longer  at  the  metal-oxide  interface.  If  we  retain  tlie 
hypothesis  of  interstitial  ion  migration,  we  are  forced  to  conclude  that 
the  rate  determining  barrier  at  high  current  density  is  located  Inside 
the  film  and  that  thus  space  charge  effects  are  sigr^icant. 

Microchemical  analyses  of  films  formed  under  a  variety  of  condi¬ 
tions  are  reported.  The  films  are  found  to  dissolve  slowly  and  uni¬ 
formly  (as  determined  by  interference  color)  in  dilute  tartaric  acid. 
Use  has  been  made  of  this  fact  to  obtain  the  layer  by  layer  distribution 
of  indium  and  antimony  thru  the  film.  The  anal3rtlcal  results  give  addi¬ 
tional  insight  into  the  mechanism  of  film  formation.  The  electrolyte 
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employed  in  all  the  work  reported  here,  (KOH),  was  one  which  would 
dissolve  any  antimony  arriving  at  the  oxide-electrolyte  interface  unless 
the  rate  of  dissolution  were  so  slow  compared  to  the  rate  of  oxidation 
that  the  antimony  could  be  covered  up  by  a  subsequent  indium  atom.  In 
this  same  electrolyte  pure  antimony  will  not  “form  up”  at  all.  The 
experimental  result  is  that  at  any  current  density  the  molar  antimony - 
indium  ratio  is  constant  in  the  body  of  the  film  with  a  value  approaching 
unity  at  very  high  rates  of  formation.  At  intermediate  current  density 
the  ratio  drops  off  in  accordance  with  the  interstitial  ion  mechanism. 
However,  at  very  low  current  density  the  antimony  to  indium  ratio 
appears  to  rise  again.  This  very  definitely  is  not  in  accord  with  the 
simple  interstitial  ion  model.  Some  hypotheses  regarding  this  behavior 
are  discussed. 


